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I "TRODUCT ION 

The objective of the present study was to fulfill a current require- 

ment for measurement of oxygen and nitrogen atom densities in the upper 

atmosphere. Oxygen and nitrogen atom densities at altitudes of 50 to 

100 kilometers are of special interest, and in the present work atom 

densities and pressures anticipated for this range'-4 were considered. 

In this research the experimental basis for atom density measurements 

is the luminescence produced in solid lumophors by heterogeneous surface 

recombination of atoms. The luminescence of calcium oxide lumophors excite1 

by nitrogen atom recombination has been described in terms of probable 

mechanisms of energy transfer.5-8 These earlier studies provided the back- 

ground for the present quantitative measurements of oxygen and nitrogen 

atom densities. 

SUMMARY AND CONCLUSIONS 

Various lumophors were surveyed in order to find ones suitable for 

quantitative analysis of oxygen and nitrogen atom densities. Oxygen and 

nitrogen atoms can best be differentiated by the luminescence intensity: 

Only CaO lumophors exhibited appreciable response to oxygen atoms, whereas 

CaO and several other lumophors exhibited appreciable response to nitrogen 

atoms. 

The lumophor Ca0:Sb:Cl was selected for a detailed study of oxygen 

and nitrogen atom densities. The study included an evaluation of (1) the 

quantitative relationship between luminescence intensity and the atom 

density measured by electron spin resonance (ESR), (2 )  the effect of 

extended exposure to atoms, and (3) the mechanisms of energy transfer 

leading to luminescence. 

The luminescence response of Ca0:Sb:Cl to nitrogen atoms was essen- 

tially constant upon extended exposure; its response to oxygen atoms, 

however, showed an exponential decrease with time. For optimum 
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s e n s i t i v i t y  t o  oxygen atoms and minimum decrease  of response,  t h e  lumophor 

temperature should be 400' t o  500'K. 

The luminescence i n t e n s i t y  of t h e  lumophor i s  propor t iona l  t o  t h e  

atom dens i ty  wi th in  c e r t a i n  l i m i t s  of t o t a l  p ressure  and atom d e n s i t y .  

The depar ture  from a l i n e a r  dependence f o r  both oxygen and n i t r o g e n  atoms 

is  possibly due t o  exc i t ed  s p e c i e s  produced by t h e  e l e c t r o d e l e s s  d i scha rge .  

Atom d e n s i t i e s  were c a l c u l a t e d  from ESR measurements us ing  molecular  

oxygen as a s tandard  of s p i n  d e n s i t y .  Confidence i n  t h e  method d e r i v e s  

from t h e  r e s u l t s  t h a t  (1) t h e  d e t e c t a b i l i t y  i s  t h e  same f o r  oxygen and 

n i t rogen  atoms ( a s  may be expected f o r  ESR l i n e s  of t h e  same l i n e  wid th) ,  

and ( 2 )  t h e  experimental  minimum d e t e c t a b i l i t y  f o r  t h e s e  atomic s p e c i e s  

ag rees  with t h e  expected t h e o r e t i c a l  l i m i t  of d e t e c t i o n  by ESR. 

With t h e  present  equipment t h e  minimum d e t e c t a b l e  atom d e n s i t y  by 

luminescence of Ca0:Sb:Cl is  about 1 x 10l2 atoms/cc f o r  both oxygen and 

n i t rogen  atoms. I t  i s  cons idered  f e a s i b l e  t o  enhance t h e  s e n s i t i v i t y  of 

atom dens i ty  d e t e c t i o n  by a f a c t o r  of lo5  by refinement of t h e  equipment, 

on t h e  assumption t h a t  t h e  k i n e t i c s  of t h e  process  l ead ing  t o  luminescence 

remains unchanged a t  such low atom d e n s i t i e s .  

The mechanism of t h e  luminescence of s o l i d s  by s u r f a c e  recombination 

of atoms and t h e  mechanism by which t h e  luminescence response is decreased 

because of extended exposure t o  oxygen atoms are  d iscussed  i n  terms of 

t h e  s o l i d  s t a t e  p r o p e r t i e s  of c a t a l y t i c  s u r f a c e s .  

EXPERIMENTAL DETAILS 

Many of t h e  experimental  t echniques  employed i n  t h i s  s tudy  have been 

descr ibed  ear l ie r ,5 '8  and f o r  t h e s e  only b r i e f  mention w i l l  be made i n  

t h i s  r epor t .  

Prepara t ion  of CaO lumophors was desc r ibed  i n  d e t a i l  i n  reference 6, 

and t h e  number i n  pa ren thes i s  fo l lowing  a g iven  calcium oxide lumophor 

r e f e r s  t o  t h e  composition g iven  i n  t h a t  r e fe rence .  

used predominantly i n  our experimental  work had t h e  

The lumophor CaO:Sb:C1(#3) 

f o l  lowing composition : 
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0.000446 mole f r a c t i o n  Sb, added o r i g i n a l l y  a s  t h e  oxide (Johnson, Mathey 

and Co., Limited, Specpure" grade) ,  and 0.0540 mole f r a c t i o n  KC1 added 

as  f l u x  (Mal l inkrodt ,  reagent  g rade ) .  A l l  t h e  o t h e r  lumophors s t u d i e d  

were of luminescent grade (Sy lvan ia )  except CdO and BaO which were of 

reagent  grade (Mal l inkrodt )  . 
lumophor w a s  evacuated and then  s lowly heated i n ,  s i t u  up t o  700'K t o  

remove adsorbed gases  and water, and then hea ted  a t  800'K.for 10 minutes  

(bak ing  process)  . 
used i n  t h e  var ious  s t u d i e s  were obtained from t h e  Matheson Co. 

7 '  

P r i o r  t o  atom luminescence measurements a 

-- 

The oxygen ( r e s e a r c h  grade) and n i t rogen  ( pre -pur i f i ed )  

The appa ra tus  shown i n  F ig .  1 w a s  used t o  measure atom recombination 

c o e f f i c i e n t s ,  hea t -genera t ion  r a t e s ,  and luminescence i n t e n s i t i e s .  The 

b a s i c  appa ra tus  i s  i d e n t i c a l  t o  t h a t  descr ibed i n  r e fe rence  7 .  For d e t e r -  

mining atom recombination c o e f f i c i e n t s  t he  appa ra tus  permits  mechanical 

movement of t h e  lumophor sample s o  t h a t  t h e  lumophor's p o s i t i o n  wi th  

r e s p e c t  t o  t h e  source  of atoms can  be  changed. The appa ra tus  a l s o  pro- 

v ides  i d e n t i c a l  movement of t h e  photomul t ip l ie r  tube  (RCA 6217); hence 

t h e  lumophor-photomultiplier d i s t a n c e  remains c o n s t a n t .  An X-Y r eco rde r  

(Moseley, Model 3S)was used t o  record  the  luminescence i n t e n s i t y  a s  a 

func t ion  of d i s t a n c e  between t h e  lumophor and t h e  atom source .  The s i g -  

n a l  from t h e  pho tomul t ip l i e r  c i r c u i t  was connected t o  t h e  Y ax is ;  a h e l i -  

pot, mechanical ly  l i nked  t o  t h e  rack and pinion ( F i g .  l), was used a s  a 

p o t e n t i a l  d i v i d e r  a c r o s s  a b a t t e r y ,  and t h e  l o c a t i o n  of t h e  lumophor was 

i n d i c a t e d  by t h e  vo l t age  output  of t h e  h e l i p o t  which was a p p l i e d  t o  t h e  

X a x i s  of t h e  r eco rde r .  When t h e  apparatus  was used t o  measure  t h e  hea t  

genera ted  i n  t h e  s o l i d  by atom recombination on t h e  lumophor, a c a l o r i m e t e r  

w a s  i n s e r t e d  under t h e  lumophor cup i n  t h e  p o s i t i o n  o therwise  occupied by 

t h e  h e a t e r  used t o  c o n t r o l  t h e  lumophor temperature. The hea t  i npu t  w a s  

eva lua ted  i n  t h e  usua l  way from t h e  s lopes  of t h e  s t eady  s t a t e  hea t ing  

and coo l ing  curves  i n  t h e  presence and absence of atoms. Measurements of 

luminescence i n t e n s i t y  a s  a func t ion  of t i m e  and temperature  were made i n  

t h e  appa ra tus  shown i n  F ig .  1 and a l s o  i n  t h e  appara tus  t o  be d i scussed  

i n  connec t ion  with F ig .  2 .  For t h i s  work t h e  pho tomul t ip l i e r  ou tput  w a s  

recorded on a s t r i p  r eco rde r  (Brown). The temperature  of t h e  lumophor 
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could be c o n t r o l l e d  i n  t h e  range of 300 t o  800'K by t h e  e lec t r ica l  h e a t e r  

i n  contac t  wi th  t h e  bottom of t h e  cup  which conta ined  t h e  lumophor. The 

oxygen o r  n i t rogen  was d i s s o c i a t e d  by an 18 M c  r a d i o  frequency t r a n s m i t t e r  

capable of d i s s i p a t i n g  500 w a t t s  i n  t h e  p l a t e  of t h e  output  tube .  I n  a l l  

s t u d i e s  of luminescence by atom e x c i t a t i o n  t h e  gases  were d r i e d  by t r a p s  

cooled i n  l i q u i d  n i t rogen .  I t  was necessary  t o  maintain a cons t an t  l e v e l  

of l i q u i d  ni t rogen;  otherwise,  whatever material c o l l e c t e d  i n  t h e  t r a p s  

during an extended run (> 30 min) tended t o  enhance luminescence. This  

mater ia l  has  no t  been i d e n t i f i e d .  

The appara tus  shown i n  F ig .  2 was used f o r  measurement of photoexci- 

t a t i o n  and emission s p e c t r a  of a v a r i e t y  of lumophors. This  appa ra tus  

was used i n  conjunct ion  with t h a t  of F ig .  1, and wi th  t h e  same photomul- 

t i p l i e r .  Two g r a t i n g  monochromators (Far rand)  were employed, one t o  

provide l i g h t  f o r  pho toexc i t a t ion  '-and the o t h e r  t o  ana lyze  t h e  luminescence 

due e i t h e r  t o  photoexci'ta.tion o r  atom e x c i t a t i o n .  An o p t i c a l  "tee" was 

used t o  focus t h e  l i g h t .  I t  c o n s i s t e d  of three q u a r t z  l e n s e s  and a h a l f -  

aluminized q u a r t z  mi r ro r .  The window of t h e  vacuum system a l s o  w a s  made 

of quar tz .  Exc i t a t ion  o r  luminescence s p e c t r a  were recorded d i r e c t l y  on 

an X-Y recorder .  The wavelength i s s u i n g  from a given monochromator was 

p lo t t ed  on t h e  X a x i s  of t h e  r eco rde r  u s ing  a p o t e n t i a l  der ived  from a 

h e l i p o t  geared t o  t h a t  monochromator. The c o r r e c t e d  spectral i n t e n s i t y  

was p lo t t ed  on t h e  Y a x i s .  The s l i t  width of t h e  emission monochromator 

w a s  200A, of t h e  e x c i t a t i o n  monochromator 50A. An e l e c t r o n i c  func t ion  

genera tor  was used t o  c o r r e c t  f o r  t h e  s p e c t r a l  response of t h e  photomul- 

t i p l i e r  and t h e  s p e c t r a l  t ransmiss ion  of t h e  o p t i c s .  The des ign  of t h e  

func t ion  gene ra to r  and t h e  method by which s p e c t r a l  c o r r e c t i o n s  w e r e  

obtained by i t s  use  are descr ibed  i n  Appendix A .  

photoemi'ssi'or s p e c t r a  w e r e  measured i n  a convent iona l  manner; t h e  func- 

t i o n  genera tor  w a s  no t  used i n  these measurements. A 1 5 0 W  xenon high 

Pressure arc  w a s  focused by a q u a r t z  l e n s  on ' t he  en t r ance  s l i t  of t h e  

e x c i t a t i o n  monochromator. To reduce s c a t t e r e d  and second-order l i g h t ,  

app ropr i a t e  g l a s s  f i l t e r s  (Corning) were placed before  t h e  s l i t  of  t h e  

e x c i t a t i o n  monochrolnator and be fo re  t h e  pho tomul t ip l i e r .  

Pho toexc i t a t ion  and 
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Simultaneous measurements of atom dens i ty  and luminescence i n t e n s i t y  

were made i n  t h e  appara tus  diagramed i n  Fig.  3 .  The f i v e  main func t iona l  

p a r t s  of t h e  appara tus  are  t h e  vacuum system, r a d i o  frequency d ischarge ,  

lumophor and h e a t e r ,  o p t i c a l  s y s t e m ,  and e l e c t r o n  s p i n  resonance (ESR) 

equipment. The vacuum s y s t e m  cons i s t ed  of t h e  pumping and pressure-  

monitor ing equipment and t h e  q u a r t z  tube  assembly which passed through 

t h e  ESR c a v i t y  and i n  which t h e  lumophor was conta ined .  Pumping was 

achieved by a mechanical pump and an o i l  d i f f u s i o n  pump, and p res su res  

were measured by P i r a n i  and McLeod gages. The p res su re  of t h e  gas  t o  

be d i s s o c i a t e d  w a s  c o n t r o l l e d  by  a va r i ab le  l eak  va lve  ( G r a n v i l l e - P h i l l i p s  

Co.,  S e r i e s  9100). 

vacuum l i n e s  t o  t h e  i n l e t  gas,  t o  t h e  McLeod gages, and t o  t h e  vacuum 

pumps. The q u a r t z  assembly cons i s t ed  of an A m e r s i l  qua r t z  tube,  10 mm 

o.d., 7.6 mm i . d . ,  and 60 c m  long, fused t o  a q u a r t z  tube  38 mm 0.d.  This  

assembly w a s  connected t o  t h e  vacuum s y s t e m  by an  O-ring tapered  j o i n t  

(Asco) on one end and an O-ring vacuum gland on t h e  o t h e r .  

t ape red  c a p  (Asco) w a s  used t o  s e a l  t h e  end of t h e  vacuum s y s t e m  through 

which t h e  lumophor was in t roduced .  The e n t i r e  q u a r t z  assembly could  be 

e a s i l y  removed. 

Traps cooled i n  l i q u i d  n i t rogen  were employed i n  t h e  

An O-ring 

The gases were d i s s o c i a t e d  by means of a r a d i o  frequency e l ec t rode -  

less d i scha rge  i n d u c t i v e l y  coupled t o  a 600W 14-Mc r a d i o  frequency t r ans -  

mi t te r .  The atom concen t r a t ion  was c o n t r o l l e d  by varying t h e  t r a n s m i t t e r ' s  

power output  which w a s  c a l c u l a t e d  from t h e  product of p l a t e  v o l t a g e  and 

p l a t e  c u r r e n t  of t h e  l a s t  s t a g e ,  

3) atom t r a n s p o r t  from t h e  d ischarge  t o  t h e  10 mm 0.d.  q u a r t z  tube  could 

be  made t o  occur e i t h e r  by d i f f u s i o n  alone o r  by convec t ive  flow and d i f -  

fu s ion .  With convec t ive  flow, used f o r  a l l  measurements except  recombina- 

t i o n  c o e f f i c i e n t s  of t h e  quar tz ,  t h e  pressure g r a d i e n t  which occurred along 

t h e  10 mm tube  was eva lua ted  empir ica l ly ,  and between t h e  c a v i t y  and lumo- 

phor a d i s t a n c e  of 8 cm,  i t  was found t o  be less than lo$. The o i l  d i f f u -  

s i o n  pump was used only  a t  t o t a l  gas  pressures less than  5 5 ~ .  Molecular 

oxygen was used a s  a s tandard  of s p i n  d e n s i t y .  The p res su res  r e f e r r e d  t o  

subsequent ly  are  those  i n  t h e  10 mm 0 . d .  tube  a t  t h e  cav i ty ;  u n l e s s  

o therwise  s p e c i f i e d .  

By adjustment of t h e  vacuum va lves  ( F i g .  
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About 10 mg of powdered lumophor was placed i n  a small  q u a r t z  boa t  

(3 mm high and 8 mm long) which w a s  i n s e r t e d  i n t o  t h e  10 mm 0.d.  q u a r t z  

tube .  The lumophor w a s  heated by a tempera ture-cont ro l led  oven placed 

during t h e  o r i g i n a l  assembling of t h e  q u a r t z  s ec t ion ,  and so  pos i t i oned  

t h a t  t h e  luminescence of t h e  lumophor could properly pass through t h e  

s l o t  i n  t h e  t o p  of t h e  oven. In  a l l  experiments  t h e  lumophor was maintained 

a t  a temperature a t  400'K. 

The o p t i c a l  sys t em provided means t o  focus t h e  luminescence t o  t h e  

photomul t ip l ie r  (DuMont K 1806),  which n e c e s s a r i l y  had t o  be mounted w e l l  

ou t  of t h e  magnetic f i e l d  of t h e  ESR magnet, and t o  amplify and r eco rd  

t h e  photovoltage; The f ccus ing  was achieved wi th  l e n s  ( f / l . 2 ) ,  mir ror ,  

and te lescoping  tubes .  The f r o n t  s u r f a c e  of t h e  pho tomul t ip l i e r  w a s  

mounted about 60 c m  from t h e  center  of t h e  magnet, and a s h u t t e r  was 

l o c a t e d  i n  t h e  l i g h t  path t o  permit c o r r e c t i o n  of any  e l e c t r i c a l  i n t e r -  

fe rences  from t h e  magnetic f i e l d  o r  r a d i o  frequency t r a n s m i t t e r .  The 

photomul t ip l ie r  tube  was opera ted  by a r egu la t ed  power supply, and t h e  

output  was fed t o  a microvol tmeter  (Kay Lab) where i t  w a s  ampl i f i ed  and 

then  recorded. I t  was e s t a b l i s h e d  t h a t  t h e  l i g h t  from t h e  d i scha rge  d id  

n o t  i n t e r f e r e  wi th  t h e  luminescence measurements. Because of d i f f e r e n t  

geometries and phototubes, luminescence i n t e n s i t i e s  ob ta ined  w i t h  t h e  

appara tus  shown i n  Fig.  3 cannot  be cons idered  wi th  those  obta ined  from 

t h e  apparatus  shown i n  F igs .  1 and 2. 

Atom d e n s i t y  w a s  measured wi th  a Varian V-4502 X-band spec t rometer  

having a mult ipurpose c a v i t y  ( Q  of approximately 7000), and employing 

100-kc f i e l d  modulation. The c a v i t y  w a s  opera ted  from t h e  low power 

br idge,  and precaut ions  were taken  t o  avoid  power s a t u r a t i o n .  The ampli- 

t ude  of t h e  100 kc s i g n a l  t o  t h e  f i e l d  modulation c o i l s  of t h e  c a v i t y  was 

measured wi th  a peak-peak a ,c .  vo l tme te r  ( B a l l a n t i n e ) .  A 12-inch magnet 

(Varian)  w a s  mounted on t r a c k s ,  and t h e  assembly of magnet, br idge,  and 

c a v i t y  could be moved t o  measure atom d e n s i t i e s  a long  t h e  10 mm 0.d.  . 

q u a r t z  tube.  The magnetic f i e l d  was c a l i b r a t e d  by a gaussmeter ( B e l l ,  Inc. ,  

Model 240) .  The s i g n a l  t o  be recorded from t h e  ESR spec t rometer  was 
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obta ined  wi th  t h e  magnetic f i e l d  ad jus t ed  a t  one of t h e  peaks of t h e  

d e r i v a t i v e  curve  of a p a r t i c u l a r  resonance l i n e .  The photo and ESR 

s i g n a l s  were f e d  t o  a dual-channel recorder .  

RESULTS 

A .  Comparison of Atom Luminescence and Photoluminescence 

Various types  of lumophors were surveyed f o r  poss ib l e  e x c i t a t i o n  t o  

luminescence by oxygen atoms, by n i t rogen  atoms, and by  pho toexc i t a t ion .  

The wavelengths of t h e  luminescence band peaks and t h e i r  approximate r e l a -  

t i v e  i n t e n s i t i e s  were recorded f o r f r e s h  samples of t h e  lumophors a t  . lOO°K 

exposed s e p a r a t e l y  t o  n i t r o g e n  and oxygen atoms, The pho toexc i t a t ibn  and 

photoemission r e s u l t s  were obtained f o r  t he  lumophors a t  300°K. Emission 

i n t e n s i t i e s  a r e  on r e l a t i v e  s c a l e s ,  and the  i n t e n s i t y  s c a l e s  of atom and 

photoluminescence a re  n o t  r e l a t e d .  The results, which a r e  given i n  Table  I, 

show t h a t  CaO lumophors a r e  t h e  most s e n s i t i v e  f o r  d e t e c t i o n  of oxygen 

atoms; CaO and s e v e r a l  o t h e r  lumophors were found s u i t a b l e  f o r  n i t r o g e n  

atom d e t e c t i o n .  

The atom luminescence s p e c t r a  of some lumophors e x c i t e d  by oxygen 

and n i t r o g e n  atoms a r e  shown i n  F ig .  4.  The t o t a l  gas  p re s su re  was 16p 

and t h e  d i scha rge  power 130 wa t t s .  For each curve  t h e r e  i s  a m u l t i p l i c a -  

t i v e  f a c t o r  i n  pa ren thes i s  which i n d i c a t e s  t h e  r e l a t i v e  s c a l e  of t h e  

o r d i n a t e .  The s p e c t r a  were co r rec t ed  fo r  t h e  s p e c t r a l  response of t h e  

pho tomul t ip l i e r  and t ransmiss ion  of t h e  o p t i c s  (Appendix A) . 
The CaO lumophor samples used i n  t h i s  s tudy  were employed i n  previous 

Some changes i n  t h e  atom-excited luminescence had occurred.  The 

most pronounced change* was ev ident  f o r  CaO:Mn:Cl( #14) e x c i t e d  by n i t r o g e n  

atoms f o r  which t h e  4000A band was now weaker than  t h e  6000A band; a l so ,  

f o r  CaO:Bi(#7) t h e  5500A band w a s  now somewhat weaker than  t h e  4000A band. 

The Ca0:Sb:Cl lumophor e x h i b i t s ,  bes ides  t h e  4000A band, a weaker 

luminescence band a t  about 5500A, presumably due t o  t h e  Sb a c t i v a t o r ,  

which is e x c i t e d  by both oxygen and n i t rogen  atoms. The i n t e n s i t y  of 

9 h e s e  changes sugges t  t h a t  some modif icat ion of t h e  s o l i d  s t a t e  p r o p e r t i e s  

had occurred  s i n c e  t h e i r  p repa ra t ion  seve ra l  yea r s  ago. 
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t h e  5500A band inc reases  with i n c r e a s e  i n  concen t r a t ion  of t h e  Sb a c t i v a -  

t o r ,  and s imultaneously t h e  i n t e n s i t y  of t h e  4ClrQOA band decreases .  This  

behavior i s  much t h e  same as  t h a t  r epor t ed  f o r  Ca0:Mn lumophors.6 The 

i n t e n s i t y  of t h e  "ac t iva to r "  band i n  CaO:Sb:C1(#3) e x c i t e d  by oxygen 

atoms is  almost undetec tab le  a t  300'K, and becomes more i n t e n s e  a t  h ighe r  

temperatures.  

In  o rde r  t o  f i n d  s u i t a b l e  lumophors f o r  oxygen atom d e t e c t i o n  i t  was 

necessary t o  determine, i f  poss ib le ,  t h e  reasons  some lumophors, and not  

o thers ,  w e r e  exc i t ed  t o  luminescence by oxygen atoms. Experiments were 

performed t o  measure some of t h e  energy t r a n s f e r  parameters involved i n  

atom recombination, and t h e  r e s u l t s  a r e  t abu la t ed  i n  Table  11. The param- 

e ters  measured were (1) t h e  atom recombination c o e f f i c i e n t s ,  yk and YL as 

measured from hea t  and luminescence respect ively; '  ( 2)  t h e  luminescence 

i n t e n s i t y  L; and ( 3 )  t h e  r a t e  of hea t ing  H of t h e  lumophor due t o  atom 

recombination measured from t h e  ra te  of r e s i s t a n c e  change (R/min) of a 

the rmis to r  i n  t h e  c a l o r i m e t e r .  Most of t h e s e  measurements were made f o r  

t h e  th ree  lumophors -- CaO:Sb:C1(#3), CaO(#l9), and MgWO,, and s e p a r a t e l y  

f o r  oxygen and n i t rogen  atom recombination. The f i r s t  and l a s t  lumophors 

were chosen because of t h e i r  widely d i f f e r e n t  luminescence response t o  

oxygen atoms, and CaO(#19), i .e.,  "pure" CaO, was chosen a s  an in te rmedfa te  

case. 

B. Dependence of A t o m  Luminescence on Duration of Atom Exposure 

The i n i t i a l  response f o r  luminescenceby atom e x c i t a t i o n  occurred 

w i t h i n  0.5 sec, a value l i m i t e d  by t h e  speed of t h e  r eco rde r  pen. The 

subsequent response depended t o  some e x t e n t  upon t h e  lumophor temperature .  

For example, t h e  subsequent response of CaO:Sb:Cl( #3) and CaO:Bi( #7) t o  

n i t rogen  atoms depended upon t h e  lumophor temperature  i n  t h e  fol lowing 

way: 

va lue  i n  one minute, then  remained cons tan t ;  a t  475'K t h e  luminescence 

w a s  almost unchanged from t h e  i n i t i a l  value; and a t  675'K t h e  luminescence 

increased  slowly over a per iod  of 10 minutes t o  about  t h r e e  t i m e s  t h e  

i n i t i a l  va lue  and then  remained c o n s t a n t .  The corresponding dependence 

a t  300'K t h e  luminescence dropped t o  about  one-half t h e  i n i t i a l  
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with oxygen atoms w a s  obscured by t h e  rap id  dec rease  of luminescence 

response wi th  t i m e  of oxygen atom exposure, a s u b j e c t  which w i l l  be  

d iscussed  i n  d e t a i l  below. 

Experiments w e r e  designed t o  eva lua te  t h e  e f f e c t  of extended atom 

exposure upon a lumophor. This  information was necessary  t o  s e l e c t  

optimum c o n d i t i o n s  f o r  a lumophor t o  be used a s  an atom probe. The 

s tudy  w a s  focused almost e n t i r e l y  on t h e  e f f e c t  of oxygen atoms on 

CaO:Sb:C1(#3). The e f f e c t  of n i t rogen  atoms w a s  s t u d i e d  only t o  a 

l i m i t e d  e x t e n t  because t h e  luminescence i n t e n s i t y  e s s e n t i a l l y  remained 

cons t an t  wi th  n i t r o g e n  atom exposure.  

1. E f f e c t  of ExPosure t o  Oxvczen Atoms 

When oxygen atoms e x c i t e  luminescence i n  CaO lumophors, t h e  lumi- 

nescence i n t e n s i t y  L is  found t o  decrease wi th  t i m e  t according t o  t h e  

r e l a t i o n s h i p  L = t , where 6 i s  a cons t an t .  The va lue  of 8 ,  obtained 

from t h e  s l o p e  of a log-log p lo t ,  i s  subsequent ly  r e f e r r e d  t o  a s  t h e  lumi- 

nescence "exponent ia l"  and i s  used a s  an index of t h e  r a t e  of luminescence 

decrease .  Under ce r t a in  circumstances the  cu rves  e x h i b i t  two d i s t i n c t  

s l o p e s  wi th  " i n i t i a l "  and " f i n a l "  exponent ia l s  (shown i n  parentheses  i n  

F ig .  5 ) .  

t i m e  t o  t h e  poin t  of i n t e r s e c t i o n  of t he  two cu rves  a f t e r  t h e  d i scha rge  

w a s  i n i t i a t e d )  were found t o  be mutually r e l a t e d  and t o  depend upon 

s e v e r a l  parameters.  

-6 

The exponen t i a l s  of t h e s e  curves and t h e  "break-time" ( t h e  

I n  o r d e r  t o  understand t h e  mechanism of t h e  luminescence decrease  

and t o  f i n d  means of minimizing it ,  i t  was of i n t e r e s t  t o  compare t h e  

e f f e c t  of exposure of oxygen atoms on t h e  va r ious  energy t r a n s f e r  param- 

e ters .  The r e s u l t s  of t h e  e f f e c t  of oxygen atom exposure on luminescence 

i n t e n s i t y ,  h e a t  generated,  and recombination c o e f f i c i e n t  a r e  shown i n  

F ig .  5 f o r  an experiment i n  which a break was observed, i .e. ,  f o r  a 

f r e s h l y  baked lumophor sample. The exponent ia l s  of t h e  hea t  and recom- 

b i n a t i o n  c o e f f i c i e n t  curves  a r e  a l s o  shown i n  parentheses .  S ince  t h e  

t o t a l  oxygen p res su re  was 16~1, a pressure regime i n  which atom t r a n s p o r t  

occurs  i n  t h e  present  geometry i n  the  t r a n s i t i o n  from molecular t o  
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viscous flow, t h e  recombination c o e f f i c i e n t s  c a l c u l a t e d  according t o  t h e  

usua l  ana lys i s '  a r e  only r e l a t i v e  va lues  y" 

t o  oxygen atom exposure a r e  a l s o  r e l a t i v e .  From Fig .  5 two important  

observa t ions  can be made: 

occurs  appears  t o  be  t h e  same f o r  L, H, and y"', and ( 2 )  up t o  t h e  break 

t h e  values  of H and y i  are  e s s e n t i a l l y  cons t an t  whi le  t h a t  of L dec reases  

r ap id ly .  

asd t h e  changes i n  y" due L' L 

(1) the  t i m e  a t  which t h e  break i n  t h e  curves  

L 

For experimental  c o n d i t i o n s  under which no break w a s  observed i n  

L, i . e . ,  f o r  a lumophor aged a f t e r  t h e  baking process,  no break was 

observed i n  H ( F i g .  6 )  o r  i n  t h e  a b s o l u t e  va lue  of y i  ( F i g ,  7) obta ined  

a t  an  oxygen pressure  of 27p,, i n  t h e  v iscous  flow regime f o r  which t h e  

necessary theory  a p p l i e s .  ' 
The i n i t i a l  and f i n a l  exponen t i a l s  and t h e  break-times are t a b u l a t e d  

i n  Table I11 f o r  s e v e r a l  va lues  of d i scharge  power and under va r ious  t r e a t -  

ments of t h e  lumophor a f t e r  i t  was baked ( a t  800'K f o r  10 min) and p r i o r  

t o  t h e  exposure t o  oxygen atoms. 

was 400'K and t h e  oxygen p res su re  w a s  16u dur ing  t h e  t i m e  t h a t  t h e  d i s -  

cha rge  was operated.  I t  w i l l  be noted t h a t  t h e  va lue  of t h e  i n i t i a l  exponen- 

t i a l  i s  less than o r  approaches t h a t  of t h e  f i n a l  exponent ia l ,  which is  

e s s e n t i a l l y  cons t an t .  

atom densi ty ,  i . e . ,  high d i scha rge  power, and ( 2 )  long pe r iods  of t i m e  

between t h e  bake and t h e  i n i t i a l  exposure t o  atoms (sum of t h e  t i m e s  i n  

vacuum and i n  Os, Table 111). 

The temperature  of t h e  CaO:Sb:C1(#3) 

The break-time decreases  f o r  c o n d i t i o n s  of ( 1) high 

It w a s  found t h a t  t h e  temperature  a t  which t h e  lumophor w a s  o r i g i n a l l y  

baked (10 min i n  vacuum) a f f e c t e d  t h e  i n i t i a l  exponent ia l .  

exponent ia l  was found t o  be  -0.93, -0.88, and -0.69 corresponding t o  bake 

temperatures  of 730°, 775', and 800'K ( d i s c h a r g e  power 130 wat ts  i n  oxygen 

a t  a pressure of 16~). The s i g n i f i c a n t  change i n  exponen t i a l s  occurs  

between 775' and 800'K, and w i t h i n  t h e  observa t ion  per iod of 60 min a break 

i n  t h e  exponent ia l s  w a s  observed only  f o r  t h e  lumophor baked a t  800'K. 

The i n i t i a l  

The luminescence i n t e n s i t y  and t h e  luminescence decrease  appear  t o  

be confined t o  a s u p e r f i c i a l  depth  of t h e  powdered lumophor. This  w a s  
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demonstrated by g e n t l y  s t i r r i n g  a lumophor a f t e r  i t s  luminescence i n t e n -  

s i t y  had decreased by a f a c t o r  of 50 due t o  oxygen atom exposure.  The 

luminescence response of t h e  s t i r r e d  lumophor was found t o  be equ iva len t  

t o  t h e  o r i g i n a l  sample. The s t i r r i n g  was done i n  a i r  a t  atmospheric pres-  

sure ,  and i t  was e s t a b l i s h e d  t h a t  t h e  exposure t o  a i r  without  s t i r r i n g  d i d  

no t  r e s t o r e  t h e  luminescence response.  

I t  i s  of i n t e r e s t  t o  e v a l u a t e  a lumophor f o r  use  as  an atom probe 

under  c o n d i t i o n s  comparable t o  those  expected i n  t h e  upper atmosphere. 

S ince  t h e  p re sen t  equipment could no t  be r e a d i l y  adapted f o r  q u a n t i t a t i v e  

a n a l y s i s  of l o w  atom d e n s i t i e s  a t  pressures  less than  about 101.1, a q u a l i -  

t a t i v e  s tudy  was made t o  determine the  r e l a t i v e  e f f e c t  of oxygen p res su re  

and d i scha rge  power on luminescence response.  Low a b s o l u t e  atom d e n s i t i e s  

w e r e  achieved a t  high p res su res  by reducing t h e  d i scha rge  power. The 

r e s u l t s  are  shown i n  Fig.  8 as  a log-log p l o t  of luminescence i n t e n s i t y  

versus  atom exposure t i m e  f o r  t h e  oxygen p res su res  27 and 0.251.1, and lumi- 

nescence exponen t i a l s  a re  ind ica t ed  i n  pa ren thes i s .  For these c o n d i t i o n s  

under which low a b s o l u t e  atom d e n s i t i e s  p r e v a i l  t h e  i n i t i a l  exponen t i a l s  

a re  small compared wi th  those  i n  Table 111. 

The effect of lumophor temperature  on t h e  luminescence i n t e n s i t y  and 

exponen t i a l s  is shown f o r  CaO:Sb:C1(#3) i n  F ig .  9 and f o r  CaO:Mn:C1(#4) 

i n  F ig .  10 f o r  cons t an t  d i scharge  power. The luminescence i n t e n s i t y ,  

a f t e r  1 min exposure t o  oxygen atoms, reaches a maximum i n  t h e  temperature  

i n t e r v a l  of 400' t o  575OK. 

Under c e r t a i n  c i rcumstances t h e  luminescence i n t e n s i t y  about  0.1 sec 

a f t e r  i n i t i a t i o n  of d ischarge  w a s  about 10 times g r e a t e r  than t h a t  absorbed 

a t  1 min. Th i s  behavior,  which was not s t u d i e d  i n  d e t a i l ,  was observed 

t o  occur  when t h e  lumophor temperature w a s  as high as 675'K, o r  when t h e  

lumophor had been hea ted  a t  475'K f o r  a per iod  of about 1 hour i n  oxygen 

a t  a p re s su re  of 4%. I n  t h e s e  c a s e s  t h e  i n t e n s i t y  decreased r ap id ly ,  

w i t h i n  a minute, t o  t h e  va lues  shown i n  F igs .  9 and 10. 

The e f f e c t  o$ temperature  on t h e  i n i t i a l  exponent ia l  ( a f t e r  1 min) 

is  shown i n  F ig .  11. I t  may be noted t h a t  luminescence bands used f o r  

t h e  measurements are peaked a t  4000A f o r  CaO:Sb:C1(#3) and a t  6000A f o r  

CaO:Mn:Cl( #14) . 
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A ma te r i a l  reduct ion  i n  luminescence response was observed when t h e  

lumophor CaO:Sb:C1(#3) was sub jec t ed  t o  t h e  fo l lowing  sequence of s t e p s :  

(1) exposure t o  atomic oxygen f o r  va r ious  per iods  of t i m e ,  ( 2 )  evacuat ion  

and heat ing (baking)  a t  800'K f o r  10 min, ( 3 )  coo l ing  t o  400'K, and ( 4 )  

exposure t o  oxygen atoms t o  compare luminescence response be fo re  and a f t e r  

t h e  bake. S teps  2 and 3 r equ i r ed  a t o t a l  t i m e  of 30 min. The r e s u l t s ,  

summarized i n  F ig .  12, i n d i c a t e  t h a t  t h e  reduct ion  i n  luminescence response 

depends upon t h e  exposure time t o  oxygen atoms and upon t h e  baking process;  

a s  l i t t l e  a s  8 seconds exposure t o  oxygen atoms produced a n o t i c e a b l e  

e f f e c t .  It was noted i n  a c o n t r o l  experiment t h a t  very l i t t l e  decrease  

i n  luminescence response w a s  produced wher. a lumsphor w a s  s t o r e d  i n  vacuum 

a t  400'K f o r  30 min a f t e r  t h e  i n i t i a l  oxygen atom exposure bu t  wi th  no 

baking. 

atoms was found t o  p r e v a i l  even a f t e r  2 hours  evacuat ion  of such a t r e a t e d  

lumophor p r i o r  t o  baking. 

Also t h e  e f f e c t  of t h e  s h o r t  d u r a t i o n  ( 8  sec) exposure t o  oxygen 

2. E f f e c t  of Exposure t o  Nitrogen Atoms 

The response of var ious  lumophors t o  n i t rogen  atom recombination has  

been discussed i n  d e t a i l ,  6--8 bu t  t h e  response of CaO:Sb:C1(#3), which was 

used i n  t h e  c u r r e n t  research  i n  connect icn w i t h  oxygen atom recombination, 

had not  been examined previous ly .  The r e l a t i v e  luminescence i n t e n s i t i e s  

of t h i s  lumophor e x c i t e d  by n i t rogen  atoms w e r e  1, 8, and 12 a t  lumophor 

temperatures  of 300°, 475', and 675'K; t h e  luminescence i n t e n s i t y  remained 

e s s e n t i a l l y  cons t an t  f o r  t h e  d u r a t i o n  of a tan exposure of about  120 min. 

I n  c o n t r a s t  t o  expec ta t ion  from t h e  ear l ie r  work6-' t h e  i n t e n s i t y  of 

t h e  4000A band of CaO:Sb:C1(#3) d i d  no t  change apprec iab ly  with exposure 

t i m e  a t  300'K. Re-examination of CaO:Bi(#T) a t  300'K l i k e w i s e  showed no 

decrease  of t h e  4200A band, a l though it  had been observed earlier. '  The 

absence of a decrease  of luminescence i n  p re sen t  work i s  a t t r i b u t e d  t o  

t h e  "cleaning" effect  on t h e  appa ra tus  by oxygen atoms. 

3. A l t e r n a t e  Exposure t o  Oxygen and Nitrogen Atoms 

The e f f e c t  of a l t e r n a t e  exposure t o  oxygen and n i t r o g e n  atoms i s  

shown schematical ly  i n  F ig .  13. A dec rease  of luminescence i n t e n s i t y  of 

12 



CaO:Sb:Cl( #3) resulted from oxygen atom exposure (Curve A ) .  Subsequent 

exposure to nitrogen atoms resulted in the expected luminescence response 

to nitrogen atoms (Curve B). The exposure to nitrogen atoms restored the 

original response of the lumophor to oxygen atoms (Curve C) . 
luminescence response to oxygen atoms was not affected by interrupting 

the discharge for 10 min (Curve C) . 

Also, the 

In other experiments it was shown that a normal response to nitrogen 

atoms was observed even for a lumophor whose response to oxygen atoms was 

markedly decreased by the process of oxygen atom exposure followed by 

baking. 

C. Electron Spin Resonance Studies 

The ESR studies were designed to determine: (1) the quantitative 

relationship between luminescence intensity and atom density, and ( 2 )  the 

minimum atom density detectable by the luminescence of a lumophor excited 

by heterogeneous recombination of the atoms on its surface. The measure- 

ments were confined exclusively to the lumophor CaO:Sb:C1(#3) which was 

most extensively studied by various other techniques and which appeared 

to be among the most sensitive for detection of oxygen and nitrogen atoms. 

The ESR study was begun with nitrogen atoms in order to establish the 

technique and to avoid the problems associated with the decreased lumi- 

nescence response of the solid observed in the presence of oxygen atoms. 

1. Nitrogen Atom Densities 

The ESR spectrum of nitrogen atoms in the gas consists of three lines 

of equal intensity and separation," and the center line at g = 2 was used 

for the atom density measurements. Some difficulty was encountered with 

structure on the nitrogen lines, an effect possibly arising from "side- 

banding" of the narrow nitrogen lines by 100 kc field modulation inter- 

action. However, no such interaction was observed with the oxygen atom 

lines (g = 1.5) although these lines are equally narrow at a given pres- 

sure. If the effect is due to a modulation of the ESR line, the results 

of first-moment analysis for calculation of spin concentration are valid. 
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The r e s u l t s  of t h e  s tudy of t h e  luminescence of CaO:Sb:C1(#3) a t  

var ious t o t a l  n i t rogen  p res su res  and n i t rogen  atom d e n s i t i e s  are sum- 

marized i n  Table  I V .  A t  s e l e c t e d  pressures  t h e  n i t rogen  atom d e n s i t y  

was var ied i n  a stepwise fa sh ion  over  t h e  w i d e s t  poss ib l e  range by 

ad jus t ing  t h e  power output  of t h e  t r a n s m i t t e r .  The r e l a t i v e  n i t r o g e n  

atom d e n s i t i e s  [NI re l ,  ob ta ined  from t h e  peak-peak he igh t  of t h e  ESR 

d e r i v a t i v e  curve,  were measured s imultaneously w i t h  t he  luminescence 

i n t e n s i t y  L. Both [NJrel and L were s e p a r a t e l y  normalized. 

The abso lu t e  n i t rogen  atom d e n s i t y  [ N 1  was computed accord ing  t o  
abs 

t h e  method presented i n  Appendix B. For t h i s  purpose t h e  va lue  of  t h e  

first-moment 3 of a n i t rogen  atom l i n e  and of a g iven  molecular  oxygen 

l i n e  were obtained f o r  i d e n t i c a l  adjustment  parameters of t h e  ESR spec- 

t rometer  (e .g . ,  s e t t i n g s  of ampli tude modulation, c r y o s t a t  i s o l a t o r ,  and 

microwave a t t e n u a t o r ) ,  and t h e  va lues  of S were normalized t o  t h e  same 

g a i n  s e t t i n g .  Evaluat ion of a b s o l u t e  atom d e n s i t i e s  was c a r r i e d  out  only 

a t  high atom d e n s i t i e s ,  and t h e  remaining va lues  were obtained on a 

r e l a t i v e  Sca le  from peak-peak h e i g h t s  of t h e  ESR s i g n a l  (Tab le  I V )  . 
For c o r r e l a t i o n  of luminescence i n t e n s i t y  and atom d e n s i t y  i t  i s  

necessary t o  know t h e  va lue  of t h e  l a t t e r  a t  t h e  lumophor pos i t i on .  This  

va lue  w i l l  be less than a t  t h e  c a v i t y  f o r  which ESR r e s u l t s  apply  because 

of t h e  atom concen t r a t ion  g r a d i e n t  developed as a r e s u l t  of atom recom- 

b i n a t i o n  on t h e  lumophor. The va lue  of atom d e n s i t y  a t  t h e  lumophor 

pos i t i on  was c a l c u l a t e d  assuming only d i f f u s i v e  flow accord ing  t o  t h e  

treatment of Wise and Ablow,’ and t h e  r e s u l t s  a r e  t a b u l a t e d  i n  Table  I V .  

These r e s u l t s  are p l o t t e d  i n  F ig .  14 a long  w i t h  t hose  obta ined  a t  pres-  

s u r e s  of 7 and 17~. However, a t  t h e  l a t t e r  p res su res  no c o r r e c t i o n s  were 

made s ince  t h e  c a l c u l a t i o n s  are  a p p l i c a b l e  only i n  t h e  v iscous  flow regime 

which fo r  t h e  present  geometry o b t a i n s  a t  t o t a l  gas  p re s su res  equal  t o  

and g r e a t e r  than about 40~. The c o n t r i b u t i o n s  of bulk  flow and of homo- 

geneous atom recombination w e r e  found t o  be small and w e r e  neglec ted .  

A t  p ressures  g r e a t e r  t han  about  lOOOp, t h e  q u a r t z  tube  i n  t h e  v i c i n i t y  

of t h e  lumophor and c a v i t y  luminesced a green  co lo r ,  t h e  i n t e n s i t y  of which 
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i nc reased  wi th  pressure  up t o  5 mm f o r  a given d i scha rge  power. The 

o r i g i n  of t h e  luminescence i s  not  understood but  appears  t o  be a s s o c i a t e d  

wi th  s p e c i e s  o r i g i n a t i n g  i n  t h e  d ischarge ,  

The recombination c o e f f i c i e n t  of n i t rogen  atoms on q u a r t z  y was 

obta ined  by measurement of t h e  n i t rogen  atom d e n s i t y  p r o f i l e  i n  t h e  10 mm 

0.d.  q u a r t z  tube.  For t h i s  purpose t h e  magnet-cavity assembly was moved 

s tepwise  a long  t h e  q u a r t z  tube,  and the  [ N l r e l  w a s  determined f o r  a series 

of c a v i t y  l o c a t i o n s  expressed i n  terms of a d i s t a n c e  x between c e n t e r  of 

c a v i t y  and t h e  mouth of t h e  10 mm qua r t z  tube  ( R ,  t h e  r a d i u s  of t h e  tube  

was 0.40 c m ) .  

magnet a s s o c i a t e d  wi th  t h e  s p i n  resonance equipment i n t e r a c t e d  wi th  t h e  

plasma and a f f e c t e d  t h e  atom dens i ty .  Consequently t h e  da t a  used i n  t h e  

de te rmina t ion  of y were obtained a t  x/R - > 10. A d i scharge  of about 

100 w a t t s  was e s t a b l i s h e d  a t  a t o t a l  pressure of 7 5 ~  i n  a s t a t i c  sys t em.  

The a n a l y s i s  of t h e  experimental  r e s u l t s  was based on a model of atom 

d i f f u s i o n  i n  an i n f i n i t e l y  long cy l inde r ,12  and a d i f f u s i o n  c o e f f i c i e n t 1 3  

D 

1.6 x 

N 

For  x < 4 c m  (x/R C 10) t h e  magnetic f i e l d  of t h e  12-inch 

N 

= 2.37 x lo3 c m 2  sec" a t  300'K. The value of yN w a s  found t o  be 
N, N2  

i n  good agreement wi th  o ther  r epor t ed  va lues .14 ,15  

2. Oxygen Atom D e n s i t i e s  

The ESR spectrum of oxygen atomsi6 i n  t h e  gas  i s  cen te red  a t  g = 1.5 

and c o n s i s t s  of f o u r  l i n e s  due t o  Zeeman t r a n s i t i o n s  i n  t h e  ground s t a t e  

3P2 and two weak l i n e s ,  symmetr ical ly  placed on each s i d e  of t h e  fou r  

l i n e s ,  a r i s i n g  from t h e  magnetic l e v e l s  of 3P1 ( F i g .  1 5 ) .  The r e l a t i v e  

oxygen atom dens i ty  was determined by measuring t h e  peak-peak he igh t  of 

t h e  ESR d e r i v a t i v e  curve  f o r  t r a n s i t i o n  d ( F i g .  15) us ing  low modulation 

ampli tude.  Absolute  oxygen atom dens i ty  w a s  obtained from f i r s t -  

moment a n a l y s i s  of (1) t h e  modulation broadened l i n e s ,  t r a n s i t i o n s  a t o  

f ,  and ( 2 )  of t h e  s i x  reso lved  l i n e s  using low modulation ampli tude.  The 

r e s u l t s  of these two methods agreed t o  wi th in  ? 576. The method of ca lcu-  

l a t i n g  a b s o l u t e  oxygen atan d e n s i t i e s  from first-moments i s  d iscussed  i n  

Appendix B. 

The r e l a t i o n s h i p  between oxygen atom d e n s i t y  [Ol and luminescence 

i n t e n s i t y  of CaO:Sb:C1(#3) was s tud ied  a t  a s i n g l e  pressure,  16p, t h e  
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lowest pressure  a t  which t h e  d i scha rge  power could  be  opera ted  over  a 

l a r g e  range. Because of t h e  decreased lumophor response wi th  t i m e  of  

exposure t o  atoms two types  of experiments  were c a r r i e d  ou t .  I n  t h e  

f i r s t  (80 min) t h e  atom d e n s i t y  was maintained a t  a h igh  va lue  ( 5 . 4  x 1013 

oxygen atoms/cc), except  when i t  was decreased s tepwise  over a per iod  of 

about  1 min and t h e  luminescence i n t e n s i t y  and atom d e n s i t y  were simul- 

taneously recorded.  I n  t h i s  manner t h e  r e s u l t s  a t  1, 4, and 26 min 

exposure t i m e  were obta ined .  These r e s u l t s  show t h e  non-s teady-s ta te  

r e l a t i o n s h i p  between luminescence i n t e n s i t y  and atom d e n s i t y  (Tab le  V a ) .  

Subsequently, under s t eady  s t a t e  cond i t ions ,  t h e  same lumophor w a s  exposed 

t o  var ious c o n s t a n t  atom d e n s i t i e s .  From t h e s e  measurements the chanpe 

of luminescence response wi th  f ixed  atom d e n s i t i e s  could  be  examined 

(Tab le  V b ) .  i n  Table  V were 

recorded by a d j u s t i n g  t h e  ESR spec t rometer  f o r  a peak of t h e  d e r i v a t i v e  

of an  oxygen l i n e  ( t r a n s i t i o n  d)  . Conversion of t h e s e  d a t a  t o  a b s o l u t e  

oxygen atom d e n s i t i e s  [Ol w a s  made from t h e  c a l i b r a t i o n  r e s u l t s  pre- 

s en ted  i n  Table  V I  and from t h e  va lues  of r O l r e l .  

The r e l a t i v e  oxygen atom d e n s i t i e s  LO1 re1 

abs  

Graphical p r e s e n t a t i o n  ( F i g .  16) of t h e  experimental  r e s u l t s  i n  

Table  V a shows t h a t  t h e  luminescence i n t e n s i t y  i s  approximately pro- 

por t iona l  t o  [o] 
t h a t  a t  atom d e n s i t i e s  equal  or less than  9 x l o 1 '  atoms/cc t h e  luminescence 

i n t e n s i t y  shows no t i m e  v a r i a t i o n .  The h o r i z o n t a l  arrows i n  t h e  luminescence 

i n t e n s i t y  column of Table V b i n d i c a t e  t h e  e x t e n t  of change of response 

du r ing  the a p p r o p r i a t e  t i m e  i n t e r v a l  f o r  h ighe r  atom d e n s i t i e s .  

From t h e  d a t a  presented  i n  Table  V b i t  can  be seen  abs 

I t  was of cons ide rab le  i n t e r e s t  t o  account  f o r  t h e  unexpectedly 

l a r g e  luminescence response and t h e  s t a b l e  luminescence with t i m e  f o r  

smal l  atom d e n s i t i e s  (Table  V b ) .  

t h e  c o l o r  and i n t e n s i t y  of t h e  oxygen d i scha rge  v a r i e d  from a f a i n t  yel low 

a t  low d ischarge  power t o  a b r i g h t  b lue  a t  h igh  power. As t h e  d i scha rge  

power was inc reased  t h e  l i g h t  i n t e n s i t y  of t h e  d i scha rge  inc reased  some- 

what ab rup t ly  a t  a va lue  which a l s o  corresponded t o  t h e  onse t  of a lumi- 

nescence response which decreased  upon atom exposure (Tab le  V b) . 

I n  t h i s  connec t ion  i t  was noted t h a t  
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The de termina t ion  of oxygen atom dens i ty  by t h e  ESR resonance absorp- 

was supplemented with measurements of t h e  t i o n  due t o  atomic oxygen [O] 

change i n  t h e  molecular oxygen dens i ty  evaluated from the  decrease  of t h e  

ESR resonance abso rp t ion  due t o  molecular oxygen [Ol 

be noted from Table  V I ,  t h e  ESR s i g n a l  due t o  t h e  d isappearance  of 0, is 

much l a r g e r  than t h a t  due t o  t h e  appearance of atomic oxygen. I t  must be 

concluded t h a t  t h e  d ischarge  produces o ther  s p e c i e s  than  ground s t a t e  

atomic oxygen ( 3 P ) .  

such as t h e  atomic s t a t e s  'D and 'S and t h e  molecular s t a t e s  a 'A and b'Cg 

would not  be  de t ec t ed  because they have no s p i n  resonance. The e l e c t r o n -  

i c a l l y  e x c i t e d  s p e c i e s  'A is known t o  be metas tab le  and t o  be produced i n  

high concen t r a t ions  by an  e l e c t r i c a l  discharge i n  oxygen." 

abs  

(Tab le  V I ) .  As w i l l  
0 2  

For example, exc i ted  atomic and molecular  s p e c i e s  
4- 

g 

I t  was e s t a b l i s h e d  t h a t  t h e  population of t h e  3P s ta tes  of oxygen 

atoms was no t  a f f e c t e d  by d i scha rge  power; hence, t h e  d e n s i t y  of ground 

s t a t e  atoms could be measured from any of t h e  atomic ESR l i n e s  ( F i g .  1 5 ) .  

The recombination c o e f f i c i e n t  of oxygen atoms on q u a r t z  was obta ined  

by t h e  method previous ly  d iscussed  f o r  n i t rogen  atoms. The d a t a  w e r e  taken 

a t  a t o t a l  

4.0 x lo3 c m 2  sec-' a t  300'K. 

of yo = 1.0 x 

pressure  of 661-1 a t  which t h e  d i f f u s i o n  ~ o e f f i c i e n t ' ~  D is 
0 3 0 2  

The r e s u l t s  y i e l d  a recombination c o e f f i c i e n t  

i n  good agreement with r epor t ed  

The luminous f l u x  emi t ted  by CaO:Sb:C1(#3) e x c i t e d  by oxygen atoms 

was es t imated  from the  photocurrent  produced under given c o n d i t i o n s  and 

from t h e  corresponding luminous s e n s i t i v i t y  of t h e  pho tomul t ip l i e r  f o r  

t h e  o p t i c a l  system a s s o c i a t e d  with t h e  ESR appara tus  ( F i g .  3). The maxi- 

mum anode c u r r e n t  r e s u l t i n g  from atom luminescence was about amps f o r  

t h e  K 1306 pho tomul t ip l i e r  operated a t  95 v o l t s  per  s t a g e .  The manufac- 

t u r e r  (Dumont) quo te s  t h e  average luminous f l u x  f o r  t h e  above ope ra t ing  

vo l t age  a s  5 amps/lumen ( c o l o r  temperature 2870'K) . 
f l u x  emi t ted  by t h e  lumophor was 

lumens. 

Therefore  t h e  luminous 

amps)/(5 amps/lumen) or 2 x 
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DISCUSSION 

In this section are discussed (1) the interactions between atoms and 

lumophors with particular reference to the problems associated with quan- 

titative analysis of atom densities, and ( 2 )  the mechanisms of atom- 

excited luminescence and reduced luminescence response resulting from 

exposure to oxygen atoms. 

A. Quantitative Analysis of Atom Densities 

The minimum atom density detectable by atom-excited luminescence can 

be estimated from the ESR atom density measurement and the signal/noise 

ratio (S/N) of the assceisted luminescence intensity. In this treatment 

the minimum detectability is taken to be equal to the noise level of the 

luminescence signal. Based on the data in Table V one finds a minimum 
detectability of 6 x 10l1 oxygen atoms/cc for the case of [Ol = 

1.2 x 1013 atoms/cc and a S/N = 20 for the luminescence intensity. 

particular example was chosen because it represents a freshly prepared 

lumophor and the conditions under which the S/N could be precisely evalu- 

ated. In like manner, the minimum detectability for nitrogen atoms is 

estimated to be 2 x 10l2 N atoms/cc for the case of [NI 
atoms/cc and a S/N = 18. Therefore, the minimum atom density detectable 

by atom-excited luminescence of CaO:Sb:C1(#3) is about 1 x 10l2 atoms/cc 

for oxygen and nitrogen atoms. Several improvements in the sensitivity 

appear possible: a factor of 10 by increasing the operating voltage of 

the photomultiplier; a factor of 100 by cooling the photomultiplier to 

reduce dark noise; and a factor of 100 by increasing lumophor area, 

improving optics, and increasing the electronic response-time constant. 

It remains for future work to determine whether at such low atom densities 

the kinetics of atom-excited luminescence remains first order. For example, 

at sufficiently low atom density the surface coverage will not be complete l 

and the kinetics of atom recombination may approach second order. 

abs 
The 

= 2.8 x loi3 abs 

The minimum detectable atom density by an ESR measurement may be 

estimated from the ESR atom density at some conveniently low value and 
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the signal/noise ratio for this measurement. 

at a pressure of 71.1 (Table IV) lead to a detectability of (2.8 x loi3) 
(1/300) = 7 x lo1' nitrogen atoms/cc. 

pressure of 1 6 ~  (Table VI) lead to a detectability of (0.33 x loi3)( 1/170) 
= 2 x 10'' oxygen atoms/cc. These detectabilities for nitrogen and oxy- 

For nitrogen atoms the data 

I For oxygen atoms the data at a 
I 

I 

gen atoms are considered to be comparable. By increasing the integrating 

time (response time) of the ESR spectrometer from the value of 0.3 sec 

used in the present work to 10 sec, detectability may be improved by a 

factor of about 6 ,  e.g. (10/0.3) 4 . Thus the limit of detectability is 

found to be 7 x lo9 atoms/cc, a value which agrees with the theoretical 

estimate by SandsJ2' i.e., the minimum number of spins n = 2 x loi1 AH, 

where AH represents the line width. 

tion d) and of nitrogen, AH is about 0.02 gauss at a pressure of 20~1, and 

n is 4 x io9 spins. 

S 

For the atomic lines of oxygen (transi- 

S 

The agreement between experimental and theoretical detectabilities 

strongly supports the quantum mechanical method of evaluating atom 

densities. 

B .  The Lumophor as a Probe of Atom Densities 

The suitability of a probe to measure atom densities depends upon 

the sensitivity of atom detection, which was discussed above, and also 

upon the lumophor's time response and ability to distinguish atoms of 

different kinds. 

It may be possible to distinguish between oxygen and nitrogen atoms 

by means of atom-excited luminescence of solids. The primary basis of 

identification is that oxygen atoms excite only CaO lumophors to intense 

luminescence, whereas nitrogen atoms excite CaO as well as other lumophors. 

For additional criteria one may employ the luminescence spectra and their 

temperature dependence which for Some lumophors distinguish the two atoms. 

However, for measurement of oxygen atoms in the presence of nitrogen atoms 

the differences in spectral response are too small to be of practical 

importance because in general the response to nitrogen atoms is much 

greater than for oxygen atoms. 
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The luminescence response of a lumophor upon a l t e r n a t e  exposure t o  

n i t rogen  and oxygen atoms ( F i g .  1.3) i n d i c a t e s  t h a t  oxyger? atcms Ss no t  

lower i t s  response t o  n i t rogen  atoms. Also, n i t r o g e n  atoms appear  t o  

"rejuvenate"  a lumophor whose response has  been reduced by oxygen atom 

exposure. 

In our appara tus  t h e  measurement of t h e  t i m e  response of t h e  lumo- 

phor t o  a f l u x  of atoms produced when t h e  d i scha rge  w a s  i n i t i a t e d  f o r  e i t h e r  

oxygen o r  n i t rogen  atoms w a s  l i m i t e d  by t h e  response t i m e  of t h e  recorder ,  

about  0.5 sec, connected t o  t h e  pho tomul t ip l i e r .  The response t i m e  is  

probably much smaller than 0.5 sec .  Its de termina t ion  may be  f u r t h e r  

limited by t h e  t i m e  r equ i r ed  f o r  oxygen o r  n i t r o g e n  atoms t o  d i f f u s e  from 

t h e  discharge t o  t h e  lumophor (F ig .  l), c a l c u l a t e d  t o  be about 0.1 sec  f o r  

a t o t a l  gas  p re s su re  of 20ct. 

For sus t a ined  exposure t o  a cons t an t  f l u x  of n i t rogen  atoms t h e  two 

lumophors, CaO:Sb:C1(#3) and magnesium t u n g s t a t e ,  e s t a b l i s h e d  e s s e n t i a l l y  

cons t an t  luminescence i n t e n s i t y  over  a per iod of a t  l eas t  one hour.  SUS- 

t a i n e d  exposure of CaO lumophors t o  oxygen atoms r e s u l t e d  i n  a decrease  

of luminescence i n t e n s i t y  wi th  t i m e ,  except  a t  low atom d e n s i t i e s  (which 

w i l l  be d iscussed  s e p a r a t e l y ) .  

nescence i n t e n s i t y  L, t h e  exposure t i m e  t, and t h e  luminescence exponen- 

t i a l  s, i .e.,  L = t-' , t h e  ra te  of decrease  of luminescence i n t e n s i t y  i s  

g iven  by 

From t h e  r e l a t i o n s h i p  between t h e  lumi- 

-(€+I) = s t  

which i n d i c a t e s  t h a t  dL/dt w i l l  become smaller wi th  i n c r e a s i n g  exposure 

t i m e .  Therefore  t h e  response of a lumophor may be  made more s t a b l e  by 

p r i o r  exposure t o  oxygen atoms, however, wi th  some s a c r i f i c e  of luminescence 

dL 
d t  

- -  

i n t e n s i t y .  I t  is  a l s o  d e s i r a b l e  t o  have a low i n i t i a l  luminescence expo- 

n e n t i a l ,  which i s  a s s o c i a t e d  with a l a r g e  break-time, as  can be achieved 

by baking of t h e  lumophor j u s t  p r i o r  t o  oxygen atom exposure (see Table  111). 

The i n i t i a l  luminescence exponent ia l  i s  reduced e s s e n t i a l l y  t o  z e r o  

a t  low atom d e n s i t i e s ,  a s  ob ta ined  I n  our  appa ra tus  a t  low d i scha rge  power 

o r  t o t a l  gas p re s su res  ( F i g .  8 ) .  However, t h i s  e f f e c t  may be  due t o  
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e x c i t e d  atomic or molecular s p e c i e s  produced by t h e  d i scha rge .  I n  t h i s  

connect ion i t  w a s  noted t h a t  t h e  c o l o r  of t h e  d ischarge  i n  oxygen w a s  

d i f f e r e n t  f o r  low and high d i scha rge  powers. Fu r the r  evidence of e x c i t e d  

s p e c i e s  may be found i n  a comparison of oxygen atom d e n s i t i e s  by t h e  ESR 

techniques  involv ing  oxygen-atom and oxygen-molecule resonances (Tab le  V I )  . 
The optimum temperature  range f o r  CaO:Sb:C1(#3) as a probe of oxygen 

atom d e n s i t i e s  i s  from 400' t o  500°K, a conclusion based on t h e  minimum 

i n i t i a l  exponent ia l  observed i n  t h i s  range ( F i g .  11) and t h e  l a r g e  lumi- 

nescence response a t  temperatures  c l o s e  t o  t h i s  range ( F i g s .  9 and 1 0 ) .  

For n i t rogen  atoms t h e  luminescence i n t e n s i t y  i s  propor t iona l  t o  

n i t r o g e n  atom d e n s i t y  a t  t h e  lumophor, CaO:Sb:C1(#3), i n  t h e  p re s su re  

range of 41 t o  290~. A t  h igher  pressures ,  e .g .  a t  7 7 0 ~ ~  t h e  r e s u l t s  a r e  

of low accuracy because of t h e  low atom dens i ty  reaching t h e  lumophor and 

because of t h e  var ious  c o r r e c t i o n s  for the  processes  which l i m i t  atom 

t r a n s p o r t .  A t  s t i l l  h igher  pressures  up t o  5 mm t h e  luminescence of t h e  

q u a r t z  w a l l s  predominates over  t h a t  of t he  lumophor. This  behavior  may 

be  due t o  t h e  presence of some e n e r g e t i c  s p e c i e s  o t h e r  than ground s t a t e  

atoms. 

A t  low pressures  of 7 and 1 7 ~  an unusual ly  l a r g e  luminescence response 

t o  n i t rogen  atoms i s  observed (Tab le  I V  and Fig .  1 4 ) .  

t i o n  above t h e  l u m o p h o r s  i s  somewhat less  than t h a t  measured a t  t h e  

ESR c a v i t y  due t o  some atom l o s s  by heterogeneous r e a c t i o n  on t h e  q u a r t z  

w a l l s  between c a v i t y  and lumophor. However, because t h e  p re s su re  range 

i s  i n  t h e  in t e rmed ia t e  reg ion  between viscous and molecular flow such a 

c o r r e c t i o n  is d i f f i c u l t  t o  make from a t h e o r e t i c a l  po in t  of view. Never- 

t h e l e s s  any c o r r e c t i o n  w i l l  f u r t h e r  reduce t h e  atom d e n s i t y  i n  t h e  v i c i n i t y  

of t h e  lumophor, thereby  s h i f t i n g  t h e  curve t o  a s t i l l  g r e a t e r  s l o p e  i n  

F ig .  14. Perhaps t h i s  g r e a t e r  luminescence response f o r  a given n i t r o g e n  

atom d e n s i t y  can be expla ined  by t h e  presence of e x c i t e d  s p e c i e s  o r i g i -  

n a t i n g  from t h e  discharge,  such as t h e  molecular e x c i t e d  s p e c i e s  A 3C+ 
with  about  6 .2  e V  energy (which i s  s u f f i c i e n t  t o  e x c i t e  luminescence) and 

wi th  a r a d i a t i v e  l i f e t i m e  of t h e  o rde r  of 1 sec .2 ' , 22  I t  i s  e s t i m a t e d 2 2 J 2 3  

The atom concent ra -  

U 
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t h a t  under our  experimental  c o n d i t i o n s  t he  d i f f u s i o n  t i m e  of t h i s  s p e c i e s  

is  less than i t s  r a d i a t i v e  l i f e t i m e  f o r  p re s su res  l e s s  than about  i5Op. 

Loss of t h i s  s p e c i e s  by w a l l  de -exc i t a t ion  i s  expected t o  r e q u i r e  even 

lower pressures .  

~ 

I 

The dependence of luminescence i n t e n s i t y  upon oxygen atom d e n s i t y  

f o r  the  lumophor CaO:Sb:C1(#3) a t  1611 is  somewhat d i f f i c u l t  t o  e v a l u a t e  

because of t h e  decrease  of luminescence response a s s o c i a t e d  w i t h  prolonged 

oxygen atom exposure.  Under t h e s e  nonsteady s t a t e  cond i t ions  an e s s e n t i a l l y  

l i n e a r  r e l a t i o n s h i p  was found (Fig. 16 and Table  V a ) .  

dens i ty  va lues  r epor t ed  here correspond t o  those  measured a t  t h e  ESR c a v i t y  

pos i t i on .  

expected t o  be small due t o  t h e  d i f f e r e n c e  i n  p o s i t i o n  of t h e  ESR c a v i t y  

and lumophor. 

The oxygen atom 

S i m i l a r  t o  t h e  case with n i t rogen  atoms, the  c o r r e c t i o n  is 

C .  Probable Mechanisms of Atom-Excited Luminescence and Decreased 

Response due t o  Oxygen Atoms 
I 

The process  by which a lumophor is  e x c i t e d  by atom recombination is  

be l ieved  t o  involve  adso rp t ion  of atoms on t h e  s u r f a c e  followed by a t a n  

recombination by a f i r s t - o r d e r  process  wi th  r e s p e c t  t o  t h e  atom d e n s i t y  I 

i n  the  gas.'" 

v i b r a t i o n a l  and e l e c t r o n i c  t r a n s i t i o n s  are exc i t ed ,  and hea t  and luminescence 

of the sol id  are  produced. Nitrogen atoms are  more e f f e c t i v e  than  oxygen 

atoms i n  e x c i t i n g  var ious  k inds  of lumophors, and a n  important  reason  f o r  

t h i s  behavior appears  t o  be t h e  g r e a t e r  energy a v a i l a b l e  upon recombination 

of n i t rogen  atoms (9.76 e V )  than of oxygen atoms (5.1 e V ) .  It might be 

expected t h a t  oxygen atoms would most r e a d i l y  excite lumophors wi th  low 

e x c i t a t i o n  ene rg ie s  f o r  luminescence. Although such a requirement may 

gene ra l ly  be va l id ,  t h e  r e s u l t s  i n  Table  I, u s i n g  pho toexc i t a t ion  a s  a 

c r i t e r i o n  of t h e  e x c i t a t i o n  energy, i n d i c a t e  t h a t  some o t h e r  s o l i d  s t a t e  

p r o p e r t i e s  must be cons idered .  Also, t h e  c a t a l y t i c  e f f i c i e n c y  of t h e  

lumophor's s u r f a c e  f o r  atom recombinat ion y '  is  no t  a determining f a c t o r  

a s  judged from t h e  d a t a  on t h r e e  lumophors (Table  11). These cons idera-  

t i o n s  lead  us  t o  t h e  conclus ion  t h a t  an  important  process  which determines 

The recombination energy is  t r a n s f e r r e d  t o  t h e  s o l i d  where 
I 

I 
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whether a lumophor i s  exc i t ed  by oxygen atoms i s  r e l a t e d  t o  t h e  e f f i c i e n c y  i 
I of energy t r a n s f e r  t o  t h e  luminescence cen te r .  

I The e f f i c i e n c y  of energy t r a n s f e r  w i l l  i n  genera l  depend upon (1) t h e  

I d i s t r i b u t i o n  of t h e  atom recombination energy between t h e  s o l i d  and gaseous 

I t h e  accommodated recombination energy t o  v ib ra t iona l  and e l e c t r o n i c  s ta tes  

I of t h e  s o l i d .  

molecules r e s u l t i n g  from atom recombination, and ( 2 )  t h e  d i s t r i b u t i o n  of 
I 

W e  s h a l l  now d i s c u s s  some of t h e  s o l i d  s t a t e  p r o p e r t i e s  of a lumophor 

such as  calcium oxide which account, a t  l e a s t  i n  par t ,  f o r  many of t h e  

observed r e s u l t s .  The mechanisms t o  be discussed a r e  not  intended t o  be 

comprehensive but  r a t h e r  a guide  f o r  fu tu re  work. 

~ 

Due t o  t h e  method of prepara t ion  of t h e  lumophor t h e  s o l i d  i s  enr iched  

, i n  an ion  vacancies  and e l e c t r o n  charge c a r r i e r s  a s s o c i a t e d w i t h  t h e s e d e f e c t s  t o  

account f o r  n-type c o n d u c t i v i t y . 2 4  Incorporat ion of such l a t t i c e  d e f e c t s  

i n  a c r y s t a l l i n e  s o l i d  g ives  rise t o  loca l i zed  energy l e v e l s ,  e .g .  lumi- 

nescence cen te r s ,  i n  t h e  forbidden energy gap. Luminescence c e n t e r s  may 

a l s o  r e s u l t  from surface-adsorbed atoms.25 I f  t h i s  is  t h e  mode of forma- 

t i o n  of luminescence cen te r s ,  i t  may expla in  why c o l o r  c e n t e r s  have no t  

been d e t e c t e d  i n  CaO and why atom e x c i t a t i o n  is much more e f f i c i e n t  t han  

pho toexc i t a t ion .  I n  terms of an energy band model t he  luminescence exci- 

t a t i o n  process  i s  be l ieved  t o  involve  t h e  abso rp t ion  of some of t h e  atom 

recombination energy by  an e l e c t r o n  a s soc ia t ed  w i t h  t h e  luminescence 

c e n t e r .  I n  CaO it is  probable t h a t  t h e  energy l e v e l  of t h e  luminescence 

c e n t e r  i s  normally populated.  For example, based on t h e  s h o r t  wavelength 

l i m i t  of photoexci ta t ion6  t h e  energy l e v e l  of t h e  luminescence c e n t e r  i s  

es t imated  t o  be a t  l eas t  3.7 e V  below t h e  conduction band and t h e r e f o r e  

below t h e  i n t r i n s i c  Fermi l e v e l  s i n c e  the  band gap is 6.7 e V . 2 6  Al te rna-  

t i v e l y ,  t h e  e x c i t a t i o n  of an unpopulated luminescence c e n t e r  may proceed 

by an  e x c i t o n  mechanism.27 

I 

Luminescence r e s u l t s  dur ing  t h e  process i n  which the  e x c i t e d  e l e c t r o n  

r e t u r n s  t o  t h e  luminescence c e n t e r .  The luminescence observed a s  a r e s u l t  
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of atom e x c i t a t i o n  depends upon t h e  composition of t h e  lumophor. For pure 

CaO only t h e  band peaked a t  4000A (3 .1  e V )  i s  

t i o n a l  impur i t i e s ,  such as antimony, bismuth, o r  manganese, i n t roduces  

energy l e v e l s  above t h a t  of t h e  luminescence center  of t h e  pure CaO and 

r e s u l t s  i n  c h a r a c t e r i s t i c  luminescence a t  longer  wavelengths.  

A d d i t f s i i  of in t en -  

The mechanism of decreased luminescence response of calcium oxide 

lumophors due t o  oxygen atom exposure can be i n t e r p r e t e d  on t h e  b a s i s  of 

the  model proposed. The decreased response can be a t t r i b u t e d  e i t h e r  t o  

a reduct ion  i n  t h e  c a t a l y t i c  a c t i v i t y  f o r  heterogeneous atom recombina- 

t i o n  o r  t o  a change i n  t h e  processes  a s s o c i a t e d  with luminescence e x c i t a -  

t a t i o n .  The f i r s t  p o s s i b i l i t y  t h a t  t h e  s u r f a c e  c a t a l y t i c  a c t i v i t y  i s  

reduced by d e s t r u c t i o n  of s u r f a c e  s i tes  is ru l ed  out because t h e  atom 

recombination c o e f f i c i e n t  of t h e  s u r f a c e  and t h e  hea t  genera ted  do not  

change apprec iab ly  while  t h e  luminescence i n t e n s i t y  decreases  markedly 

(Table  I1 and Figs .  5 and 6 ) .  The second mechanism has t h e r e f o r e  t o  be 

considered.  Its mode of a c t i o n  is be l i eved  t o  involve  charge t r a n s f e r  

t o  adsorbed s p e c i e s  a t  t h e  s u r f a c e  r e s u l t i n g  i n  d e p l e t i o n  of t h e  number 

of e f f e c t i v e  luminescence c e n t e r s  or r educ t ion  i n  t h e  e f f i c i e n c y  of energy 

t r a n s f e r  t o  the  luminescence c e n t e r s .  

Shr face  adsorbed oxygen atoms 0 may react with excess  nega t ive  
( SI 

charge c a r r i e r s  i n  a charge t r a n s f e r  process  t o  y i e l d  0- 

adsorbed oxygen molecules may r e a c t  i n  a s i m i l a r  way t o  produce 0 

but  t h i s  r e a c t i o n  is  of less importance because t h e  e l e c t r o n e g a t i v i t y  of 

t h e  molecules i s  less than t h a t  of t h e  atoms. The formation of' gaseous 

oxygen molecules 0 2(g)  may involve  n e u t r a l  atoms a s  w e l l  a s  charged s p e c i e s  

according t o  

Surf ace  
( s ) '  - 

2(sp 

where Q and Q' are  t h e  e n e r g i e s  t r a n s f e r r e d  t o  t h e  s o l i d .  However Q ' ,  

which i s  expected t o  be  less than  Q by about  1 eV, may n o t  be adequate  

t o  e x c i t e  luminescence. Accordingly,  formation of apprec i ab le  s u r f a c e  

2 4  



i 

I 

I 

I 

a t  t h e  expense of 0 w i l l  reduce t h e  luminescence 
( S Y  

concen t r a t ions  of 0- 

response t o  oxygen atoms. Desorpt ion occurs according t o  
( s ) )  

+ 

+ 8 ( 3 )  

( 4 )  

where  q i s  t h e  hea t  of deso rp t ion  and 8 i s  t h e  e l e c t r o n  r e tu rned  t o  t h e  

l a t t i c e .  

Reduced luminescence response may t h e r e f o r e  be a s s o c i a t e d  with t h e  

product ion of a space charge region, due t o  t h e  charged adsorba te ,  ade- 

qua te  t o  ra ise  t h e  energy l e v e l s  of t h e  luminescence c e n t e r s  above t h e  

Fermi l e v e l .  This  process  may be considered as  an  i n c r e a s e  i n  t h e  p-type 

c o n d u c t i v i t y  of t h e  su r face .  Reduced response w i l l  a l s o  r e s u l t  when an ion  

vacancies  d i f f u s e  t o  t h e  s u r f a c e  and r e a c t  wi th  0- 

i nco rpora t ion .  Such r e a c t i o n s  predominate a t  e l eva ted  temperatures ,  where 

t h e  d i f f u s i o n  ra te  i n  t h e  s o l i d  i s  high, and account f o r  t h e  i r r e v e r s i b l e  

decreased luminescence response t o  oxygen atoms r e s u l t i n g  from baking a 

lumophor a f t e r  oxygen atom exposure ( F i g .  1 2 ) .  

and l ead  t o  l a t t i c e  
(SI 

Because of t h e  amphoteric e l e c t r o n i c  p r o p e r t i e s 2 4  of calcium oxide 

a change t o  p-type conduc t iv i ty  may occur upon cont inued exposure t o  

oxygen atoms 

The s u r f a c e  of such a s o l i d  w i l l  cont inue  t o  e x h i b i t  c a t a l y t i c  p r o p e r t i e s  

f o r  atom recombination ( r e a c t i o n s  1 through 4)  al though perhaps a t  a d i f -  

f e r e n t  r a t e  s i n c e  t h e  desorp t ion ,  s t e p  ( 3 ) ,  may proceed by 

O,( s) + Q  + 0 2 (  s )  - (6) 

However, luminescence can no longer  occur s i n c e  t h e  luminescence c e n t e r s  

have by  t h i s  t i m e  been dep le t ed  of e l e c t r o n s .  

Based on such a mechanism t h e  behavior of n i t rogen  atoms would be 

expected t o  d i f f e r  from t h a t  of oxygen atoms s i n c e  n i t rogen  i s  less 

e l e c t r o n e g a t i v e  than  oxygen, and less  su r face  charge would be developed 

than  f o r  oxygen atoms. The r e juvena t ion  b y  n i t rogen  atoms of a lumophor 

whose response was decreased by oxygen atoms ( F i g .  13) is probably due t o  
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a chemical r e a c t i o n  of t h e  s o r t  

(7) 

Reaction 7 reduces t h e  space charge due t o  0- and permits  t h e  energy 

l e v e l  of t h e  luminescence c e n t e r  t o  be  r e s t o r e d  below the  Fermi l e v e l .  

When t h e  lumophor i s  baked subsequent t o  oxygen atom exposure,  an ion  

vacancies  d i f f u s e  t o  t h e  s u r f a c e  where they a r e  des t royed  by r e a c t i o n  

w i t h  0- Although n i t r o g e n  atoms cannot  r e s t o r e  t h e  lumi- 

nescence response of such a lumophor t o  oxygen atoms, n i t rogen  atoms 

st i l l  can e a s i l y  e x c i t e  t h i s  lumophor because t h e i r  h igher  recombination 

energy permits  t r a n s f e r  of energy t o  luminescence c e n t e r s  a t  g r e a t e r  

depths i n  t h e  c rys t a l  where changes of space charge  and d e p l e t i o n  of 

luminescent c e n t e r s  a r e  less l i k e l y  t o  occur .  

( s )  

o r  O;(s). 
(SI 

The above model sugges t s  a way t o  account f o r  t h e  e f f e c t  of tempera- 

t u r e  on t h e  i n i t i a l  luminescence exponent ia l  ( F i g .  11). A t  temperature  

g r e a t e r  than  about  450'K t h e  i n c r e a s e  i n  t h e  exponen t i a l s  may be accounted 

f o r  by a g r e a t e r  d i f f u s i o n  r a t e  of an ion  vacancies  and calcium excesses  

from the bulk t o  t h e  s u r f a c e  where t h e  vacancies  are  inco rpora t ed  i n t o  t h e  

l a t t i c e .  A t  temperatures  less  than 450'K t h e  i n c r e a s e  i n  t h e  exponen t i a l s  

may be due t o  t h e  increased  concen t r a t ion  of surface-adsorbed atoms, 

which r e s u l t s  i n  increased  concen t r a t ions  of 0- and l e a d s  t o  formation 

of an increased  space charge.  A s i m i l a r  temperature  dependence of t h e  

su r face  concen t r a t ion  of atoms was r epor t ed  f o r  n i t rogen  atoms6 on CaO 

and hydrogen atoms2* on g l a s s .  

O( S) , 
( s )  

The s imultaneous change i n  t h e  exponen t i a l s  of luminescence, hea t ,  

and atom recombination c o e f f i c i e n t  ( t h e  break-time i n  F ig .  5) sugges t s  

t h a t  a change occurs  i n  t h e  s o l i d  s t a t e  p r o p e r t i e s  of t h e  CaO s u r f a c e  

w h i c h  equa l ly  a f f e c t s  t h e s e  t h r e e  parameters .  Evidence t h a t  a s o l i d  s t a t e  

property i s  involved i s  based on t h e  obse rva t ion  t h a t  t h e  break-time i s  

a s soc ia t ed  w i t h  ag ing  of t h e  lumophor a f t e r  baking (Tab le  111). Also, 

when t h e  bake temperature,  employed p r i o r  t o  exposure t o  oxygen atoms, 

w a s  increased from 775' t o  825'K t h e  i n i t i a l  luminescence exponent ia l  

decreased and s imul taneous ly  t h e  break i n  t h e  response curve  w a s  observed. 
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I t  i s  suggested t h a t  t h e  s o l i d  s t a t e  property which a f f e c t s  t h e  break is  

due t o  a d e f e c t  o r  d i s l o c a t i o n  which i s  produced a t  s u f f i c i e n t l y  high 

baking temperatures  and i s  then  annealed a t  lower temperatures .  The 

behavior  of CaO may be analogous i n  c e r t a i n  r e s p e c t s  t o  t h a t  of BaO f o r  

which i t  has  been shown t h a t  t h e  d i f fus ion  of Ba i n  BaO occurs  by d i f f e r -  

e n t  processes  depending upon temperature and depth of  p e n e t r a t i o n  i n t o  

t h e  su r face .29  The change i n  t h e  s o l i d  s ta te  proper ty  may a l s o  r e s u l t  

from a conversion of t h e  CaO from an n-type t o  a p-type semiconductor a s  

a r e s u l t  of annea l ing  and oxygen atom exposure. 

ACKNOWLEISMENTS 

The au tho r s  wish t o  thank Professor  K.  Hauffe, M r .  K .  Edvard Borbye, 

and D r .  William J. F rede r i cks  f o r  valuable  d i scuss ions  concerning s o l i d  

s t a t e  p rope r t i e s ,  and M r .  James S. M i l l s  and M r .  David W. D i f f ende r fe r  

f o r  a s s i s t a n c e  i n  connect ion with t h e  e l ec t ron  s p i n  resonance measure- 

ments. M r .  Br ian D. King designed t h e  e l e c t r o n i c  func t ion  gene ra to r  

and M r .  John Casalet cons t ruc t ed  t h e  un i t .  

27 



REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

H. Kallmann-Bijl,  

North-Holland Publ. Co., Amsterdam, 1961 

C.  A .  Barth,  

I n t e r s c i e n c e  Publ i shers ,  New York, 1961, p. 303 

J. Kaplan, W. J. Schade, C .  A .  Barth,  and A.  F. Hildebrandt ,  

Can. J .  Chem. 38, 1688 ( 1960) 

"Handbook of Geophysics," United S t a t e s  A i r  Force, Macmillan 1861, 

Revised, pp. 8-3, 8-4 

K .  M. Sancier ,  W ,  J .  Freder icks ,  and X. Wise, J. CheK. yhys. 30, 
1355 (1959) 

K .  M. Sancier ,  W. J .  Freder icks ,  and H. Wise, J .  Chem. Phys. 37, 
854 (1962) 

K.  M. Sancier ,  W. J .  Freder icks ,  J.  L. Hatche t t ,  and H. W i s e ,  

J .  Chem. Phys. - 37, 860 ( 1962) 

K. M. Sancier ,  W. J. Freder icks ,  and H. Wise, J .  Chem. Phys. 37, 
865 (1962) 

H. Wise and C.  M. Ablow, J .  Chem. Phys. 2, 634 (1958) 
M. A .  Heald and R .  Beringer ,  Phys. Rev. - 96, 645 (1954) 

K .  Halbach, Phys. Rev. - 119, 1230 (1960) 

W. V. Smith, J .  Chem. Phys. 11, 110 (1943) 

L. Andrussow, Z. Elektrochem. - 54, 566 (1950) 

J. T. Herron, J. L. Frankl in ,  P. Bradt,  and V. H. Dibeler ,  

J .  Chem. Phys. - 30, 897 ( 1959) 

T. Wentik, J. 0. Su l l ivan ,  K.  L. Wray, J .  Chem. Phys. - 29, 231 (1958) 

A .  Abragam and J. H. Van Vleck, Phys. Rev. -7 92 

S. N. Foner and R.  L.  Hudson, J. Chem. Phys. 25, 601 (1956) 

H. W i s e  and W. A .  Rosser, "Ninth I n t e r n a t i o n a l  Symposium on 

Combustion, I t  Academic Press ,  Inc  ., New York, 1963, p. 733-746 

S. Krongelb and M. W. P. Strandberg,  J. Chem. Phys. 31, 1196 (1959) 

R. H. Sands (Var ian  A s s o c i a t e s ) ,  p r i v a t e  communication 

"Caspar I n t e r n a t i o n a l  Reference Atmosphere 1961, ' I  

"Chemical React ions i n  t h e  Lower and Upper Atmosphere," 

- 

1448 (1953) 

28 



21. 

22. 

23. 

24. K. Hauffe and G. T r h c k l e r ,  Z e i t .  f i r  Physik, 136, 166 (1953) 

25. A .  N. Gorban and V. A. Sokolov, Opt. and Spec t ry .  (USSR) 7, 478 (1959) 

26. 

27. 

28. B. J .  Wood and H. Wise, J .  Phys. Chem. 66, 1049 (1962) 

29. R. W. Redington, Phys. Rev. - 87, 1066 ( 1952) 

J. F. Noxon, J. Chem. Phys. - 36, 926 (1962) 

E. C. Zipf ,  Jr., J. Chem. Phys. 38, 2034 (1963) 
A .  E i n s t e i n ,  Z. Elektrochem. - 14, 235 (1908) 

- 
- 

J. J a n i s  and L. Cotton, C .  R.  Acad. S c i .  ( P a r i s )  -, 246 1536 (1958) 

S. Apher and E. Ta f t ,  Phys. Rev, - 79, 964 (1950) 

- 

29 



Table I Survey o f  lumophor response to photoexcitation and atom excitationa 

~~ 

CLASS LUMOPHOR 

Pho toexci tat ion 
energy lowc 

CaO: Bi ( #7 ) 

Magnesium tungstate 

Cadmium borate 

Zinc orthosilicate 

Zinc oxide:Zn 
Zinc sulfide: Cu : Ag 

3 x c i  t a t  i o n  

A 

Photoexcitation 
energy high 

Photoexcitation 
energy unmeasurable 

2900 
3670 
3900 
3800 
3750 

Calcium halophosphate 
Calcium si1icate:Pb 
Calcium tungstate 

Calcium tungstate:Pb 

CdO 
tho 
MgO(#75) 

2850 
27 50 
2750 

2900 

4200 
nn 

I 

E m i s s i o n  N I 0 

0.5 ni 1 
n 5 

- 

A 

4800 
5500 
5500 

{ E:: 
6100 

5300 
5300 
5300 
5100 
5200 

5800 
6000 
4900 

4900 - 
ni 1 
nil 
ni 1 

5900 
4000 
5300 

2 ,  4650 

0.3  6300 

2 5400 
1 
1 
3 5000 
6 5200 

0.6 5850 
0.3 6100 
0.4 4500 

5900 
0.9 4800 

- 
L - 

3 

1 
1 
0.5 

<o. 0: 

0.04 

0.01 
- 

ni 1 
0.1 ni 1 
0.1 
0.3  nil 

nil ni 1 
I 6 0 0 0 1  0.3 1 nil 

a W a v e l e n g t h s  A ( A )  r e f e r  t o  p e a k  o f  r e s p o n s e ;  i n t e n s i t i e s  o f  e m i s s i o n  and l u m i n e s c e n c e  L a r e  
on r e l a t i v e  and i n d e p e n d e n t  s c ' a l e s .  For  a t o m  l u m i n e s c e n c e :  t o t a l  g a s  p r e s s u r e  1 6 p ;  
lumophor temp,  3000K; d i s c h a r g e  power  1 3 0  w a t t r .  

* R e f e r e n c e  6 .  

Value  of  L t a k e n  d u r i n g  f i r s t  m i n u t e  o f  d i s c h m r g e  o p e r a t i o n .  
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Table 11. Comparison of energy t r a n s f e r  parameters of va r ious  

lumophors f o r  oxygen and ni t rogen atoms. ( T o t a l  gas  

pressure  26u, discharge  power 130 watts ;  lumophor 

temp. 300OK.) 

CaO( #19) 

-- 

-- 

Parameter 

y;, Recombination 
b c o e f f .  from h e a t  

MgWO, 

0.02 

0 .02  

yi ,  Recombination 

c o e f f .  from lumi- 
b ne sc enc e 

L, Luminescence 
d i n t e n s i t y  (mv) 

H, Heat r a t e C  

(n/min) 

Oxygen atoms 

CaO: Sb :C1( #3) 

0.01 

0.02 

3 

165 

I 

Nitrogen atoms 

CaO : Sb : C 1 (  #3) 

0.01 

0.01 

1 

35 

CaO( #19) 

0 .003a 

0 .008a 

0.6 

60 

0.7 

25 

a .  Reference (7)  . 
b. 

c.  

yk measured s imul taneous ly  with H; y; measured s imul taneous ly  wi th  L. 

D i f f e rence  i n  H produced by oxygen and n i t rogen  atoms probably due t o  

d i f f e r e n c e  i n  atom concen t r a t ions  produced by t h e  g iven  d i scha rge  power. 

For  oxygen atoms t h e  va lues  of L were taken  about  1 min a f t e r  i n i t i a t i n g  

discharge;  f o r  n i t rogen  atoms t h e  values of L w e r e  e s s e n t i a l l y  c o n s t a n t  

wi th  t i m e  . 

d .  
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Table 111. E f f e c t  of t rea tment  of lumophor CaO:Sb:Cl(#3) e x c i t e d  by 

oxygen atoms. 

lumophor temperature  400'K.) 

( P r e s s u r e  1 6 ~  dur ing  atom exposure; 

Discharge 

power 

(wa t t s )  

130 

130 

130 

130 

130 

130 

130 

130 

30 

55 

55 

35 

35 

rreatment a f t e r  bakg and p r i o r  
t o  oxygen atom exposure 

Time i n  
vacuum 

(min) 

95 

30 

17 

109 

108 

48 

15 

33 

23 

35 

16 

21 

25 

Exposure t o  0, 

Time 
(min) 

135 

60 

60 

1 

2 

2 

1 

2 

130 

30 

10 

1 

5 

Press. 
( u )  

45 

45 

45 

16 

16 

16 

16 

16 

45 

45 

16 

16 

16 

3reak- 
a t i m e  

min) 

0 

0 

0 

0 

0 

0 

24 

29 

18 

31 

38 

40 

49 

b 
.umi ne scenc e exponent i a 1 

I n i t i a l  

-1 .o 
-0.77 

-0.78 

-0.81 

-0.75 

-0.68 

-0.47 

-0.50 

-0.41 

-0.51 

-0.35 

-0.38 

-0.30 

F i n a l  

-1 .o 
-0.77 

-0.78 

-0.81 

-0.75 

-0.68 

-0.77 

-0.87 

-0.92 

-1.08 

-1.38 

-0.87 

-1 .oo 

a .  Measured from t i m e  of i n i t i a t i o n  of d i scharge .  

b.  Luminescence exponent ia l  = mog L,Alog t; L i s  luminescence 

i n t e n s i t y  (mv) and t i s  t i m e  i n  (min) . 
c. 10 min a t  800'K i n  vacuum. 
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Table IV Luminescence in t ens i ty  of CaO: Sb: C1( #3) versus t o t a l  pressure and ni t rogen 
atom densi ty:  
moment analysis  using molecular c q g e n  as spin-density reference.  
atom densi ty  determined from peak-peak height of LStSA l ine .  Ianophor temp. 400°K. 

Absolute atom clensit les [VIabs determined from the  f i r s t -  
Relative 

TOTAL GAS PRESSURE 
AT CAVITY 

7 

17 

41  

77 

290 

770 

( m o l e c u l e s /  

c c  x  IO-'^) 

2 . 3  

5 . 5  

1 3  

25 

93 

250 

FIRST- 

:VI OV Eh T ' 
S 

67 

145  

2 58 

378 

192 

7 

NI, 

[ N l r e l  
A t  C a v i t y  

36 
2 5  

55 
33 
1 5  

2 

8 0  
57 
11 

103  
70  
46 
1 3  

42 
17 

3 

K E N  4TOY DENSITY 

ih.1 a b s  
( a t o m s / c c  x 1 0 - l ~ )  

A t  C a v i t v  

2 . a d  
2.0 

6 . 0 d  

3.6 
1 . 6  
0 . 2  

1 qd 
1 0  

2 

1 Od 
6 . 8  
4 .5  
1 . 3  

7 . a d  

0.  3d 

3 .2  

A t  Lumoohor 

11 
7 . 7  
1 . 5  

6 . 4  
4 . 4  
2 . 9  
0 . 8  

2 . 5  
1 . 0  

0 . 0 5  

LUMIKESCEKCE 

I NTENS 1 TY 

1. 

( m v )  

45c 
38 

58 
41 
28 

8 

70 
52 
1 3  

50 
35 
25 
G 

17 
5 

3 

a For m o l e c u l a r  o x y g e n  ( t r a n s i t i o n :  K ,  L ,  J :  1, 2 ,  1 2 )  S = 6 5  f o r  a p r e s -  
s u r e  P = 70p; ESR p a r a m e t e r s  w e r e  t h e  same a s  f o r  a t o m i c  n i t r o g e n .  

S i g n a l / n o i s e  r a t i o  = 3 0 0  
S i g n a l / n o i s e  r a t i o  = 18 
A b s o l u t e  stom d e n s i t y  m e a s u r e m e n t  ( c f .  Appendix  B). 

02 
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Table V. Luminescence of CaO:Sb:Cl( #3) versus oxygen atom 

densities and as a function of exposure time to 

atoms. ( Pressure 161.1,; lumophor temp. 400°1(.) 

Oxygen atom density at cavity Luminescence 
intensity Exposure 

(min) atoms/cc x 10-l~ ( mv) 

bl 

80 - 84 
84 - 86 
86 - 93 
93 - 110 
110 - 120 
120 - 129 
129 - 150 
150 - 167 
167 - 176 
176 - 187 

1.5 
2 .o 
3.8 
2.0 
1.3 
3 .O 
9.4 
60 
102 
116 

.070 

.094 

.18 

.094 

.06 

.14 

.44 
2.8 
4.8 
5.4 

13 
15 

15 
10 

15 4 13 
10 -.( 8 
17 + 11 
30 4 19 
11 4 7 

17 4 14d 

a. Relative atom density obtained from normalized peak- 

peak height (mm) of ESR line. 

b. Value obtained from Table VI. 
c. Signal/noise ratio = 20. 

d .  The horizontal arrow indicates the decrease of L which 

occurred during the time interval. 
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Di sc ha rge 
power 

(watts) 

75 0 

0 2  

0 2  

75 

Off 

mm) 

37c 4000 

100 2000 

91.5 2000 

100 

100 

Off 

420 

420 

Off 

Table VI. Absolute oxygen atom densities [O],,, determined 

from first-moment analysis using molecular 

oxygen as spin-density reference. a 

I ESR 
Intensity 

I 
( peak-peak, 

Gain 
G 

Spin 
species b 

1 2500 

88 2000 

Modulation 
amp1 i tude 

M 
(volts) 

1.28 

0.086 

0.086 
~~ 

1.18 

0.083 

0.083 

1.18 

0.083 

0.083 

First- 
moment 

S 
cm3) 

9 30 

2 -89 

2-50 

a. See Appendix B for details of calculation. 

bxygen atoms/cc x 10-l~ 
I 

1.3 I 10 

b. ESR lines: transitions a to f for 0 atoms; transition 

(K = 1, L = 2, M = 1 + 2) for molecular oxygen. 

Total pressure 16u. 

c. Signal/noise ratio = 170. 
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FIG. 1 APPARATUS FOR DETERMINATION OF ATOM RECOMBINATION 
COEFFICIENT OF LUMOPHORS FROM MEASUREMENTS OF 
LUMINESCENCE INTENSITY OR CALORIMETRIC HEAT 
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LIGHT 

SOURCE 

M O N O -  
CHROMATOR 

( E XC I TAT ION 1 

n 

QUARTZ :LENSES 
AND 50% MIRROR 
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FIG. 2 APPARATUS FOR MEASUREMENT OF PHOTOEXCITATION, 
PHOTOEMISSION AND ATOM-EXCIT ED LUMlN ESCENCE SPECTRA 
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H - - - 675.K ( a 5 0 0 1  

475.K ( X I S )  --__- 

COO: Sb: CI  (+3) 

0.4 0 .5 0 6  0.7 

"B-.I.,.,, WAVELENGTH -/.t 

FIG. 40 LUMINESCENCE SPECTRA OF CaO:Sb:CI(#S) EXCITED BY 
OXYGEN ATOMS AND NITROGEN ATOMS. RELATIVE 
ORDINATE SCALE INDICATED BY MULTIPLICATIVE 
FACTOR IN PARENTHESIS 
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FIG. 4b LUMINESCENCE SPECTRA OF CaO:Bi(#7) EXCITED BY 
OXYGEN AND NITROGEN ATOMS. RELATIVE ORDINATE 
SCALE INDICATED BY MULTIPLICATIVE FACTOR IN 
PARENTH ESlS 
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N {--- 475.K ( ~ 5 0 )  
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R4-4148-20 

FIG. 4c LUMINESCENCE SPECTRA OF CaO:Mn:CI(#14) EXCITED BY OXYGEN AND NITROGEN 
ATOMS. RELATIVE ORDINATE SCALE INDICATED BY MULTIPLICATIVE FACTOR 
IN PARENTHESIS 
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CADMIUM BORATE 

0 - 475.K ( x l . 5 )  

N --- 475.K ( X  5 )  

0 . 3  0.4 0.5 0.6 0.7 

WAVELENGTH- p 
RA-4141-26  

FIG. 4d LUMINESCENCE SPECTRA OF CADMIUM BORATE EXCITED BY OXYGEN AND 
NITROGEN ATOMS. RELATIVE ORDINATE SCALE INDICATED BY 
MULTIPLICATIVE FACTOR IN PAR ENTH ESlS 
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TIME - min 

FIG. 5 EFFECT OF TIME OF OXYGEN ATOM EXPOSURE OF FRESHLY BAKED 
CaO:Sb:CI(#3) ON THE LUMINESCENCE INTENSITY L AT 4000A, ON THE 
HEATING RATE H, AND ON THE RELATIVE RECOMBINATION 
COEFFICIENT y:. DISCHARGE POWER 130 WATTS; PRESS. 16p; 
LUMOPHOR TEMP. 400'K. EXPONENTIALS IN PARENTHESES 
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TIME-min 
RE-4140-14 

FIG. 6 EFFECT OF TIME OF OXYGEN ATOM EXPOSURE OF AGED CaO:Sb:CI(#3) ON THE 
LUMINESCENCE INTENSITY L AND THE HEAT RATE H. DISCHARGE POWER 
130 WATTS; PRESS. 16p; LUMOPHOR TEMP. 400°K. EXPONENTIALS IN 
PARENTHESES 
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FIG. 7 EFFECT OF TIME OF OXYGEN ATOM EXPOSURE OF CaO:Sb:CI(#3) ON THE 
LUMINESCENCE INTENSITY L AND THE RECOMBINATION COEFFICIENT y'. 
DISCHARGE POWER 25 WATTS; PRESS. 27p; LUMOPHOR TEMP. 400°K. 
EXPONENTIALS IN PARENTHESES 
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FIG. 8 EFFECT OF TIM E OF OXYGEN ATOM EXPOSURE, DISCHARGE POWER, AND 
TOTAL GAS PRESSURE ON THE DECREASE OF LUMINESCENCE INTENSITY 
OF CaO:Sb:CI(#3). LUMOPtiOR TEMP. 400'K. EXPONENTIALS IN PARENTHESES 
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FIG. 9 EFFECT OF TEMPERATURE OF CaO:Sb:CI(#3) UPON LUMINESCENCE AT 4000A 
EXCITED BY OXYGEN ATOMS. PRESS. 16p; DISCHARGE POWER 130 WATTS 
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FIG. 10 EFFECT OFTEMPERATURE OF CaO:Mn:CI(#14) UPON LUMINESCENCE AT 
6000A EXCITED BY OXYGEN ATOMS. PRESS, 16p; DISCHARGE POWER 
130 WATTS 

48 



-1.0 

-0.8 

-I 

I- 
2 
W z 
0 

W 
W 
0 
2 
W 
0 
v) 
W 

5 

-0.6 

I 5 -0.4 
A 
-I 

c 
5 

z - 

-0.2 

0 
2 

I I 1 1 
1 

TEMP-OK 
RA- 4 I48 -3 I 

FIG. 11 EFFECT OF TEMPERATURE ON INITIAL LUMINESCENCE EXPONENTIALS OF 
CaO:Sb:CI(#3) AT 4000A (SOLID POINTS) AND CaO:Mn:CI(#14) AT 6000A (OPEN 
POINTS). PRESS. 16p; DISCHARGE POWER 130 WATTS 
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FIG. 12 RATIO OF LUMINESCENCE RESPONSE TO OXYGEN ATOMS AFTER/BEFORE 
OXYGEN ATOM EXPOSURE OF CaO:Sb:CI(#3) FOLLOWED BY 10 MIN BAKE AT 
800°K IN VACUUM. PRESS. 16p; DURINGATOM EXPOSURE LUMOPHOR TEMP. 
400°K; DISCHARGE POWER 130 WATTS 
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Appendix A 

COMPENSATION OF SPECTRAL RESPONSE OF PHOTOOPTICAL SYSTEMS 

USING A HALL-EFFECT DIODE FUNCTION GENERATOR * 

INTRODUCTION 

I n  s c i e n t i f i c  and engineer ing  i n v e s t i g a t i o n s  i t  is  f r e q u e n t l y  neces- 

s a r y  t o  correct a d i r e c t  measurement because of n o n - l i n e a r i t i e s  of t h e  

in s t rumen ta t ion  employed. Such a c o r r e c t i o n  can  be  made au tomat i ca l ly  

by an  e l e c t r o n i c  device  known a s  a func t ion  gene ra to r .  The p a r t i c u l a r  

type  of diode func t ion  gene ra to r  t o  be desc r ibed  inco rpora t e s  a H a l l -  

e f f e c t  element.  This  func t ion  genera tor  has  proven e f f e c t i v e  i n  c o r r e c t -  

i n g  luminescence spectra f o r  t h e  s p e c t r a l  response of a phototube deitector 

and f o r  t h e  s p e c t r a l  t ransmiss ion  of t h e  a s s o c i a t e d  op t i c s ,  i nc lud ing  

l ens ,  mir ror ,  and monochromator. 

The device  may equa l ly  w e l l  be appl ied t o  s p e c t r a l  abso rp t ion  and 

t r ansmiss ion  measurements. The f u l l y  compensated spectrum may be  

recorded with an  X-Y p l o t t e r .  

Three advantages have l e d  t o  t h e  choice  of a d iode  func t ion  scheme. 

F i r s t ,  t h e  compensation can be changed qu ick ly  and e a s i l y  t o  accommodate 

ano the r  o p t i c a l  s y s t e m  -- e.g., a photocel l  of d i f f e r e n t  s p e c t r a l  response.  

Secondly, t h e  i n s e r t i o n  of g a i n  compensation, g( A ) ,  i s  a d j u s t a b l e  ( b y  t h e  

u s e r )  over  a wide range of magnitudes and s l o p e s  wi th  r e s p e c t  t o  wave- 

l e n g t h  ( A )  . 
assembled. 

F ina l ly ,  t h e  assembly i s  r e l a t i v e l y  inexpensive and e a s i l y  

* This  Appendix w a s  o r i g i n a l l y  prepared a s  a paper t o  be  submit ted f o r  

pub l i ca t ion ,  and appears  h e r e  i n  its o r i g i n a l  format .  
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Other alternatives to manual computation of the required response- 

compensation include nonlinear and multiple-tap potentiometers. The 

nonlinear potentiometer cannot be adapted from one type of phototube to 

another, nor -- since it is set by manufacturer -- can the associated 
transmission properties of the optics be readily compensated. The 

multiple-tap potentiometer that does not have the latter disadvantage 

does not allow the compensation gain to be varied at arbitrary wavelengths; 

furthermore, negative values of the compensation function cannot be easily 

obtained, as is entirely feasible with a diode function generator. 

THE DIODE FUNCTION GENERATOR 

A given complex curve is generated by the diode function generator 

by a combination of a series of piecewise linear curves. Consider a 

curve of the following general form: 

- 
i.e., y = 0 for x < x and y = x tan 9 + B, where B is a constant f o r  

x > x. 
- - 

Such a piecewise linear curve can be realized experimentally with a 

simple diode network. Any curve whose maximum rate of change of slope 

is not excessive can be approximated by a set of such segments. For 

example, consider the following elementary curve: 
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This  can  be formed by adding two of t h e  above s imple r  piecewise l i n e a r  

segments -- i .e. ,  

Y 

and 

Y 

For va lues  of nega t ive  x a s i m i l a r  s i t u a t i o n  holds ,  u s ing  segments of 

t h e  form: 

Y 

Approximation of a given cu rve  by piecewise segments i s  accomplished i n  

t h e  f u n c t i o n  genera tor ,  shown schemritically i n  F ig .  A-1, by two sets of 

12  d iode  networks, one set f o r  p o s i t i v e  x and one set f o r  nega t ive  x. 

I n  b u i l d i n g  up a complex curve  i n  t h i s  way, one r e q u i r e s  c o n t r o l  of 

two parameters f o r  each segment -- viz . ,  t h e  ang le  o r  s lope  8, and t h e  

d i s t a n c e  x, commonly c a l l e d  t h e  segment break po in t .  I n  t h i s  way a l a r g e  

c lass  of func t ions  can be r e a l i z e d .  Thus a n  inpu t  v a r i a b l e  A is processed 

through a sequence of c o r r e c t l y  posi t ioned segments t o  produce an  output  

f u n c t i o n  g(A).  Th i s  is  t h e  g(X) shown i n  F ig .  A-2. The d e t a i l e d  method 

by which g(X) i s  se t  up i s  d iscussed  below. 

- 

DESIGN OF HALL-EFFECT DIODE FUNCTION GENERATOR 

General 

The u n i t  i s  a combination of a diode f u n c t i o n  gene ra to r  and H a l l -  

e f f e c t  m u l t i p l i e r .  There a re  two inputs  t o  t h e  system. These are:  
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(1) The uncompensated vo l t age  output  f (  A )  from t h e  pho tomul t ip l i e r  

(RCA 6217), which i s  taken h e r e  t o  be t h e  output  of a micro- 

v o l t e r  b u f f e r  a m p l i f i e r .  

( 2 )  A vo l t age  v = A + kh, where A and k are c o n s t a n t s  and A is 
X 

t h e  wavelength of t h e  luminescence s e n t  from t h e  monochromator 

t o  t h e  photomul t ip l ie r .  

If a g r a t i n g  monochromator is  used, t h e  angu la r  p o s i t i o n  of t h e  

g r a t i n g  i s  l i n e a r l y  p ropor t iona l  t o  wavelength.  

g r a t i n g  r o t a t i o n  provides  t h e  vo l t age  v as  r equ i r ed  ( F i g .  A - 3 ) .  

A h e l i p o t  geared t o  t h e  

X 

The diode func t ion  gene ra to r  i npu t  f(X> is modified by some ga in  

f u n c t i o n  g(X) t o  c o r r e c t  t h e  n o n l i n e a r i t i e s  of bo th  t h e  o p t i c a l  s y s t e m  

and the  photomul t ip l ie r .  This ga in  func t ion  i s  set i n  t h e  diode f u n c t i o n  

g e n e r a t o r  with A + kX as t h e  gene ra to r  i npu t .  The two i n p u t s  t o  t h e  

Ha l l - e f f ec t  m u l t i p l i e r  a re  t h e r e f o r e  f(X) and g(A).  The r e s u l t i n g  output  

f ( h )  g ( h )  is then  t h e  r equ i r ed  f u l l y  compensated pho tomul t ip l i e r  s i g n a l .  

Cons t ruc t  ion De t a  i 1 s 

The equipment d iscussed  i n  t h i s  paper w a s  designed f o r  a s p e c i f i c  

i npu t  range [O - < f ( 1 )  - < 1 vo l t ] .  

by t h e  two input  a m p l i f i e r s  I and I1 ( F i g .  A-4) because t he i r  ga ins  can  

b e  va r i ed  as  r equ i r ed  by changing t h e  va lue  of t h e  feedback r e s i s t o r s  

R1 and R2. A t  maximum dynamic range t h e  output  vo l t age  f o r  t h e  two ampli- 

f i e rs  may be 100 vo l t ,  and f o r  h ighes t  accuracy t h e i r  ga in  should be 

l i m i t e d  t o  10. 

O t h e r  i npu t  ranges may be  accommodated 

Ampl i f ie rs  I11 and I V  a r e  r equ i r ed  t o  process  t h e  diode f u n c t i o n  

gene ra to r  output s i g n a l s  ( P o i n t s  D and E of F ig .  A - 1 ) .  I t  should be  noted 

t h a t  Ampl i f ie rs  11, 111, and I V  use  chopper s t a b i l i z e r s  t o  keep d.c .  d r i f t  

t o  a minimum, and Ampl i f ie rs  I1 and I V  have power b o o s t e r s  so  t h a t  t he  H a l l -  

e f fec t  m u l t i p l i e r  can be a d e q u a t e l y  d r iven .  The output  f o r  t h e  H a l l  m u l t i p l i e r  

i s  of low impedance and can be  f ed  d i r e c t l y  t o  t he  y i n p u t  of an  X-Y 

p l o t t e r ,  w h i l e  t h e  x a x i s  s i g n a l  is  provided by  t h e  vo l t age  ( A  + k h ) .  
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The H a l l  m u l t i p l i e r  ou tput  f(A) g(X) i s  f l o a t i n g  wi th  r e spec t  t o  ground, 

and should t h e  X-Y p l o t t e r  n o t  have a f l o a t i n g  inpu t  ( a s  most of them i n  

f a c t  do) a b u f f e r  a m p l i f i e r  would then  be r equ i r ed .  In  t h e  cons t ruc t ion ,  

normal precaut ions  a g a i n s t  hum pickup and t h e  s e p a r a t i o n  of r e s i s t i v e  

components from t h e  h e a t i n g  e f f e c t s  of t h e  boos t e r  a m p l i f i e r  t ubes  should 

be  observed. 

The a m p l i f i e r s  should be w e l l  v e n t i l a t e d  and t h e  diode func t ion  gen- 

e r a t o r  components kept  reasonably clear of them. I t  i s  recommended t h a t  

t h e  H a l l  m u l t i p l i e r  be  mounted w e l l  away from t h e  f i l amen t  t ransformer  i n  

o rde r  t o  prevent  magnetic coupl ing  and hence t h e  induc t ion  of 60-cps hum. 

No t r o u b l e  with hum was a c t u a l l y  experienced, so t h a t  t h e  n e c e s s i t y  of 

such spac ing  has  no t  been confirmed. 

The Hall-Effect Element 

I n  a p iece  of indium antimonide, or s i m i l a r  semiconductor, with a 

c u r r e n t  ( I,) flowing through t h e  mater ia l  and a magnetic f i e l d  ( B )  app l i ed  

perpendicular  t o  t h i s  c u r r e n t ,  a vo l tage  ( v )  is induced i n  a d i r e c t i o n  

mutual ly  perpendicular  t o  both f i e l d  ( B )  and c u r r e n t  ( I , ) ,  where v = k, B I,, 

and k, is  a proper ty  of t h e  m a t e r i a l .  Thus, i f  t h e  f i e l d  is  produced by 

a c u r r e n t  I, flowing around a s o f t  i r o n  core,  v = k,  k, I ,  12, where k, is  

a c o n s t a n t .  This  i s  t h e  s i t u a t i o n  u t i l i z e d  i n  t h e  func t ion  gene ra to r  

desc r ibed  here .  The vol tage- t ime response f o r  changes i n  I ,  i s  less than  

one microsecond. However, I, flows i n  an induc t ive  magnetic c i r c u i t  and 

t h i s  r e s u l t s  i n  a seve re  p r a c t i c a l  l i m i t  on t h e  ra te  of change of B, due 

t o  a v a i l a b l e  d r i v e  vol tage .  I n  t h e  present  design,  then, t h e  sweep t i m e  

should be g r e a t e r  than  10 seconds.  For t h i s  and s lower sweeps t h e  response 

t o  s p e c t r a l  changes i s  only l i m i t e d  by t h e  X-Y p l o t t e r  o r  t h e  photomul t ip l ie r  

no i se  f i l t e r .  

FUNCTION SETUP PROCEDURE 

Sca l ing  t h e  Funct ion  

F igure  A-5 shows t h e  photomul t ip l ie r  s p e c t r a l  response t o  a s tandard  

l i g h t  source  without  g(X) compensation, Also  shown is  t h e  output  a f t e r  
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compensation f o r  spectral response and o p t i c a l  t ransmiss ion .  To o b t a i n  

a f u l l y  compensated response t h e  uncompensated s i g n a l  f ( h )  must be mul- 

t i p l i e d  by t h e  r e c i p r o c a l  of t h e  s p e c t r a l  c h a r a c t e r i s t i c s  o f  t h e  o p t i c a l  

sys t em.  The present  ins t rument  i s  l i m i t e d  t o  100 v o l t  range so t h a t  t h e  

maximum compensating f a c t o r  a t t a i n a b l e  i s  determined by t h e  minimum value  

of compensating func t ion  ( v  

mum sca le  c o r r e c t i o n .  Th i s  l i m i t s  t h e  range of wavelength f o r  which a 

f l a t  response can be obta ined .  

amplitude because any a m p l i f i e r  d r i f t  would then r e s u l t  i n  r e l a t i v e l y  

l a r g e  changes i n  1OO/v and hence cause  low s t a b i l i t y .  A va lue  of 

V > 2 v o l t  f o r  a r e s u l t i n g  maximum ga in  f a c t o r  of 50 i s  suggested 

is  as  a p r a c t i c a l  l i m i t  of t h e  i n s t r u m e n t .  The chosen va lue  of v 

se t  using t h e  y 

), . i . e * 1 O 0 / V o f  f set, i s  t h e  r e s u l t i n g  maxi- 
o f f s e t  

voffset  cannot  be of excess ive ly  l o w  

o f f s e t  

o f f s e t  - 
o f f s e t  

and i t s  v e r n i e r  c o n t r o l  ( F i g .  B-4) . o f f s e t  

S e t t i n g  t h e  Break Po in t s  and SePment SloDes 

The instrument  a s  i l l u s t r a t e d  has  a t o t a l  of twelve p o s i t i v e  and 

twelve negat ive  segments. The y a x i s  ( a t  x = 0) should be s e l e c t e d  s o  

t h a t  the  compensation func t ion  can be r e a l i z e d  us ing  a l l  t h e  a v a i l a b l e  

segments. I f  more complex func t ions  are expected, more segments can  be 

incorporated i n t o  t h e  instrument  by adding t o  t h e  s t r u c t u r e  shown i n  

Fig.  A-1. A correspondingly h igher  r a t e d  P h i l b r i c k  power supply would 

a l s o  be necessary .  

Before s e t t i n g  up t h e  func t ion ,  a l l  segments are  i n i t i a l l y  s t o r e d  

a t  t h e i r  maximum poss ib l e  break poin t  s o  t h a t  they  do  not  a f f e c t  t h e  

piecewise l i n e a r  curve u n t i l  brought i n t o  p o s i t i o n  as descr ibed  below. 

Consider t h e  t y p i c a l  s i t u a t i o n  i n  which t h e  f u n c t i o n  gene ra to r  u n i t  

is t o  be used t o  compensate f o r  t h e  n o n l i n e a r i t i e s  of t h e  s p e c t r a l  prop- 

ert ies of t he  pho tomul t ip l i e r  and t h e  a s s o c i a t e d  o p t i c s .  A tungs ten  lamp 

(GE No. 30A-T24/3) which w a s  c a l i b r a t e d  by t h e  Nat iona l  Bureau of Stand- 

a r d s  for  s p e c t r a l  r ad iance  i s  placed i n  f r o n t  of t h e  g ra t ing . ’  The lamp’s 

I. R. S t a i r ,  R.  G .  Johnston, and E. W. Halback, J .  R e s .  Na t l .  Bur. 

Standards, Vol. 6 4 ,  p. 29’1 (1960) .  
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s p e c t r a l  r ad iance  curve, f o r  a c u r r e n t  of 35.0 amps., i s  drawn on graph 

paper on t h e  X-Y p l o t t e r .  The func t ion  genera tor  i s  ad jus t ed ,  segment 

by segment, so  t h a t  t he  p l o t t e r  pen matches t h e  rad iance  curve  a s  t h e  

g r a t i n g  i s  r o t a t e d .  Knowbedge of t h e  d i s t r i b u t i o n  of t h e  n o n l i n e a r i t i e s  

of the  s y s t e m  i s  t h e r e f o r e  no t  e x p l i c i t l y  r equ i r ed .  

Th i s  cu rve  i s  matched w i t h  piecewise l i n e a r  segments of t h e  diode 

func t ion  gene ra to r  u s i n g  as  few x a x i s  break po in t s  ( d i o d e  s t a g e s )  a s  are  

necessary  t o  match t h e  curve.  Consider a t y p i c a l  wavelength ( A ) ,  and l e t  

i t s  p o s i t i o n  on t h e  x axis  be j+. (which f i r s t  w i l l  be a t  x = 0 ) ,  

w e  b r i n g  i n  one of t h e  s t o r e d  break poin ts  t o  t h i s  p o s i t i o n .  Now moving 

t o  a new proximate p o s i t i o n  j '  a t  a longer  wavelength, t h e  l i n e a r  ga in  + 
func t ion  g(A) between j and j' is  ad jus t ed  s o  t h a t  t h e  pen a t  ji matches 

t h e  r ad iance  curve .  I f  i n s u f f i c i e n t  s lope  o r  ( g a i n )  is  a v a i l a b l e ,  e i t h e r  

a s h o r t e r  segment is  necessary  o r  two or more segments a r e  set t o  break 

a t  t h e  j t h  po in t .  Next, a new segment is  se t  t o  break a t  x = j '  and 

t h e  process  i s  repeated.  One can t e l l  when a segment has  been brought 

i n  f a r  enough, because t h e  output  s igna l  w i l l  be observed t o  change a t  

t h i s  moment, provided t h a t  t h e  segment s lope  is no t  e x a c t l y  zero .  

A t  j + 

+ + 

+ + 

Thus t h e  s p e c t r a l  r ad iance  curve  on t h e  X-Y p l o t t e r  is matched f o r  

p o s i t i v e  x inpu t s .  The process  i s  aga in  repea ted  f o r  i n c r e a s i n g l y  nega- 

t i v e  x values ,  s t a r t i n g  from x = 0. Due t o  p o s s i b l e  second-order i n t e r -  

a c t i o n s ,  f o r  h ighes t  accuracy one should retrace t h e  func t ion ,  making 

s l i g h t  c o r r e c t i o n s  t o  y and p o s i t i v e  and nega t ive  s l o p e s  a s  neces- 

s a r y .  The break po in t s  are no t  touched, and they  should be i n d i c a t e d  

a long  t h e  x a x i s  ( F i g .  A-2) a s  a reminder. 

o f f  set 

L imi t a t ions  of the  EauiDment 

The i n i t i a l  compensation confirmation i s  shown by t h e  superimposed 

X-Y p l o t  over  t h e  s p e c t r a l  r ad iance  curves i n  F ig .  A-5. This  has  remained 

e s s e n t i a l l y  unchanged over a per iod of two months. 
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The highest multiplicative compensation factor consistent with 

maximal long-term d.c. stability of the unit is about x39 (with preampii- 

flers I and I1 limited to xlO), although x50 is entirely practical. 
compensate for the spectral properties of the optical system described 

over the wavelength 0.3 to 0.7 p, a factor of only x17 was needed. 

To 
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FIG. A-2 TYPICAL OUTPUT FOR DIODE FUNCTION GENERATOR. 
PHOTOMULTIPLIER (RCA 6217) RESPONSE IS  
SUPERIMPOSED 
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FIG. A-4 MULTIPLIER AND ASSOCIATED CIRCUITRY FOR THE DIODE FUNCTION GENERATOR 

66 



I .4 

I .2 

I .o NCO M P EN SAT E 
(I) 

0 
c - 
* 0.8 

I 
CI 

6 0.6 
P 
2 
Y 

W- 0.4 

0.2 

0 
0.2 0.3 0.4 0.5 0.6 0.7 

A, WAVELENGTH -p 
RE-4148-1 

FIG. A-5 X-Y PLOTTED COMPENSATED ANDUNCOMPENSATED PHOTOVOLTAGES 
(JAGGED LINES) OF STANDARD LIGHT SOURCE (35 amps). SOLID SMOOTH 
LINES ARE THE SPECTRAL RADIANCE OF SOURCE, RELATIVE SCALE 
CHANGES ARE INDICATED ON EACH CURVE 
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Appendix B 

ABSOLUTE ATOM DENSITY MEASUREMENTS BY 

ELECTRON SPIN RESONANCE 

INTRODUCTION 

Elec t ron  s p i n  resonance (ESR) spectroscopy w a s  s e l e c t e d  t o  measure 

abso lu te  d e n s i t i e s  of n i t r o g e n  o r  oxygen atoms i n  connec t ion  wi th  s t u d i e s  

of heterogeneous atom recombination on c a t a l y t i c  s u r f a c e s .  Molecular 

oxygen is  used t o  provide a s t anda rd  of known s p i n  d e n s i t y  a g a i n s t  which 

t h e  atom d e n s i t i e s  may be  compared i n  a s y s t e m  of i d e n t i c a l  geometry. 

Tinkham'J2 has  developed t h e  theory  of t h e  molecular  oxygen ESR spectrum, 

and Krongelb and St randberg3 ,4  have a p p l i e d  Tinkham's r e s u l t s  t o  o b t a i n  

abso lu te  oxygen atom d e n s i t i e s .  Hildebrandt ,  Barth and Booth5 have made 

s i m i l a r  s t u d i e s  wi th  atomic hydrogen, and Wood, M i l l s  and Wise' developed 

t h e  method i n  d e t a i l  f o r  atomic hydrogen us ing  first-moments of t h e  ESR 

d e r i v a t i v e  l i n e s .  

I n  t h i s  d i scuss ion  w e  summarize t h e  method of c a l c u l a t i n g  a b s o l u t e  

atom d e n s i t i e s  of n i t rogen ,  hydrogen and oxygen atoms by us ing  molecular  

oxygen a s  a s tandard  f o r  s p i n  concen t r a t ion .  The development of t h e  d i s -  

cuss ion  fol lows p r i n c i p a l l y  t h a t  of Wood, M i l l s  and Wise,' except  f o r  

cons ide ra t ions  of atomic oxygen which fol lows,  wi th  some c o r r e c t i o n s ,  

Krongelb and Strandberg.  

General  Mathematical Formulat ion 

Absorption* of microwave energy by a paramagnetic system i s  desc r ibed  

by t h e  imaginary p a r t  of t h e  complex s u s c e p t i b i l i t y  x = x '  - ix" where 

* One may t ransform XI' to x '  through use  of Kronig-Kramers t ransforms, '  

t hus  t h e  a n a l y s i s  may be used f o r  e i t h e r  abso rp t ion  o r  induced emission.  
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where IJ., i s  t h e  magnetic f i e l d  ope ra to r  c a l l e d  t h e  d i p o l e  moment o r  per- 

m e a b i l i t y  vec tor ,  J i s  t h e  t o t a l  angular  momentum, M i s  t h e  magnetic 

quantum number, Nm and N 

s p i n  s ta tes  r e s p e c t i v e l y .  

funct ion;  i n  t h i s  case w e  fo l low Krongelb3 and assume t h e  Bloch shape func- 

t i o n .  I( J M l z r l J ’ M ’ )  1 ”  i s  t h e  a b s o l u t e  square of t h e  mat r ix  element f o r  t h e  

t r a n s i t i o n s  from t h e  ground s t a t e  t o  t h e  exc i t ed  s t a t e  and converse ly  f o r  

I( J’M’ lcrlJM) 1’. 
t o  occur .  S ince  e i t h e r  t r a n s i t i o n  i s  equal ly  l i k e l y ,  t h e  fo l lowing  i s  t r u e  

are t h e  populat ions of t h e  ground and e x c i t e d  
J I M ’  

f( w-%) is t h e  abso rp t ion  resonance l i n e  shape 

These q u a n t i t i e s  g i v e  t h e  p r o b a b i l i t y  f o r  a t r a n s i t i o l ?  

Thus from (1) and ( 2 )  w e  have 

For a s y s t e m  of N atoms whose s p i n  s t a t e s  a re  i n  thermal  equ i l ib r ium w e  

have 

where Z is  t h e  p a r t i t i o n  sum. For huJM - << kT ( a  gene ra l  cond i t ion  

f o r  microwave t r a n s i t i o n s  a t  room temperature) t h e  popula t ion  d i f f e r e n c e  

is  

- EJM 

Hence w e  may rewrite equat ion  (3) t o  give 
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We must e v a l u a t e  t h e  terms i n  XI’ of equat ion  ( 6 )  f o r  a one-e lec t ron  

spec ie s  such as n i t rogen  o r  hydrogen atoms. 

From Ref. 1 

(7) 
f+ 

I ( J M I z r I J ’ M ’ )  1 ’  = - 2 I(JMIp+IJ’M’) I 2  
where f is  t h e  f i l l i n g  f a c t o r .  The va lue  of t h e  square of t h e  ma t r ix  

element i s  given by8 
+ 

K J M I ~ + + I J ‘ M ’ )  l 2  = 4 g2 p 2  ( J  + M) ( J  - M + 1) . ( 8 )  

Also  by summing over  a l l  t r a n s i t i o n s  we o b t a i n  

( J  + M)(J - M +  1)  = # J ( J  + 1 ) ( 2 J  + 1 ) .  ( 9 )  

M=-J+1 

The p a r t i t i o n  sum Z is 

Z = C ( 2 5  + 1) exp(-Em/kT) . 
JM 

From Ref. 2 

The i n t e g r a t e d  form of equa t ion  ( 6 )  i s  

I t  is  understood that  E is t h e  energy of  a g iven  t r a n s i t i o n ,  w = 2nV, 

where v is  frequency of t h e  abso rp t ion  resonance; J is  t h e  t o t a l  angu la r  

momentum quantum number; g i s  t h e  spec t roscop ic  s p l i t t i n g  f ac to r ;  k is 

t h e  Boltzmann cons tan t ;  T is  t h e  a b s o l u t e  temperature;  N i s  t h e  number 

of atoms; f(w-w,,) is  t h e  shape f u n c t i o n  f o r  t h e  a b s o r p t i o n  curve; and 

p is the  Bohr magneton. 

JM 

70 



I n  experiments of t h e  type  performed he re  ( f i x e d  frequency, v a r i a b l e  

magnetic f i e l d ) ,  one can employ t h e  concept of s t a t i s t i c a l  moments f o r  

a n a l y s i s  of t h e  recorded output ,  dX"/dH. 

i n t e n s i t y  which can e a s i l y  be taken from t h e  d e r i v a t i v e  curves .  Because 

t h e  i n t e g r a t e d  i n t e n s i t y  ( t h e  f i r s t  moment of t h e  d e r i v a t i v e  abso rp t ion  

curve)  is used, w e  should d i s c u s s  t h e  func t ion  of f (  H - b) . Krongelb3, 

shows t h a t  t h i s  func t ion  is e s s e n t i a l l y  cons t an t  and t h e r e f o r e  t h a t  i t  

i n t e g r a t e s  t o  a va lue  of n/2. 

mation and i n t e g r a t i o n  ot t h e  elements of equat ion  ( 6 ) .  Combination of 

t h e  terms above with equat ion  ( 6 )  l eads  t o  

I n  s h o r t ,  one uses  i n t e g r a t e d  

Thus we  must concern ou r se lves  wi th  sum- 

/x"dH = * 6kT rr 2 ge J( J + 1) f+ . 

The hype r f ine  s p l i t t i n g  of t he  nucleus p lays  an  important  r o l e .  

Thus if one abso rp t ion  l i n e  i s  used, the  above equa t ion  must be co r -  

r e c t e d  ( f o r  example, see R e f .  5, p. 2) by 1/( 21 + 1) where I is  t h e  

s p i n  of t h e  proton. Thus w e  have 

r 

&JN TT J (J  + 1) X"dH = - 6kT 2 g* 7- f+  

o r  

( 2 1  + 1) - 2 6kT m ll.fiwBgf+ 
N =  

The va lue  of N f o r  a one-electron atom can be computed from equat ion  

(15) and from t h e  va lues  of I and J t abu la t ed  below. 

Ground 
Atom Term I J ( 2 1  + l) /J(J + 1) 

N 4s 1 3/2 12/15 
1 2 

H 2 

v 2  
'/2 8/3 
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The t reatment  f o r  e v a l u a t i n g  t h e  number of oxygen atoms N fo l lows  0 
t h a t  developed by Krongelb and S t r a n d b e r g Y 3 J 4  with some necessary  co r rec -  

t i o n s .  Tiney eva lua te  N by summing t h e  terms i n  equat ion  ( 1 2 )  f o r  t h e  

t r a n s i t i o n s  involv ing  t h e  lowest  s t a t e s ,  3P2, 3P,, and 3P0. The c o r r e c t  

eva lua t ion  of t h e  summation term i s  

0 

l ( J M l p , r l J ’ M ’ )  l 2  C exp(-EJM/kT) = - 2 g2P2(49.2)  . ( 16) f +  

(Krongelb3y4 neglec ted  t o  c a r r y  t h e  g2 t e r m ) .  

sum from equat ion  (10) is  given3 a s  6.74. 

The va lue  of t h e  p a r t i t i o n  

The c o r r e c t  r e l a t i o n s h i p  f o r  

N i s  then 
- - -  0 

No - 

and t h i s  r e s u l t  f o r  No is  small  by t h e  f a c t o r  l / g 2  than  t h a t  g iven  by 

Krongelb (Ref .  4, equa t ion  ( 7 )  ) . 
Molecular Oxygen 

For molecular oxygen t h e  c o r r e c t  i n t e g r a t e d  form of equat ion  (3) becomes 

The p a r t i t i o n  sum Z is  approximated by i t s  c l a s s i c a l  va lue  3kT/2W. 

molecular oxygen fl = 4.31 x 10” cps,  so t h a t  a t  300°K, Z = 217 .3J4  

For  

The mat r ix  element f o r  LW = - + 1 t r a n s i t i o n s  is, a s  i n  equat ion  ( 7 ) ,  

-I 
Following Krongelb, f o r  molecular  oxygen, p, i n  Tinkham and S t r andbe rg ’ s  

no ta t ion ,  is gsPS. 
+ 

Thus we a r e  concerned wi th  t h e  ma t r ix  element 
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When Krongelb3, 

ous ly  squares  t h e  c o e f f i c i e n t  4. 

(20 )  i n t o  equat ion  (18) he n e g l e c t s  t o  c a r r y  along t h e  g 2 .  

squares  t h e  mat r ix  elements of equat ion  ( 2 0 )  he e r rone-  

Also i n  s u b s t i t u t i n g  equat ions  (19) and 

The c o r r e c t  r e l a t i o n s h i p  f o r  N 
0, is then 

r 

[41(JMlpxlJ’M’) 1, exp( -EJM/kT) ] 
(21 )  

- 

The bracke ted  q u a n t i t y  i n  t h e  denominator may be  found i n  Tinkham and 

Strandberg (Ref .  2, Table p. 958) .  

f o r  t h e  p a r t i c u l a r  t r a n s i t i o n  s e l e c t e d .  In t h i s  paper t h e  t r a n s i t i o n  

s e l e c t e d  corresponds t o  t h e  l i n e  a t  6087.5 gauss ( K ,  J, M a r e  1, 2, 1 + 2 ) ,  

f o r  which t h e  bracke ted  q u a n t i t y  i s  1.34 and g is  1.74. 

W e  may a l s o  u s e  t h e  value g = dv/dH e f f  

e f f  

Commtat ion Formulas 

When t h e  same appara tus  is used t o  compare resonance abso rp t ion  of 

atom s p e c i e s  and molecular  oxygen t h e  f i l l i n g  f a c t o r s  are  equal ,  i . e . ,  

f = f and t h e  number of s p e c i e s  N may be s u b s t i t u t e d  by a d e n s i t y  of 

s p e c i e s  [N). The dens i ty  i s  convenient ly  expressed a s  p a r t i c l e s / c c  and 

computed accord ing  t o  t h e  gas  l a w  p i n  

microns (p) of Hg and a temperature  of 300’K becomes 

+ +’ 

n/v = P/RT, which f o r  p re s su re  

t N 1  = n/v = 3.22 x 1013 P 

A t o m  d e n s i t i e s  may now be determined from t h e  fo l lowing  equat ions .  

For  n i t r o g e n  or hydrogen atoms, d i v i d e  equat ion (15)  by equat ion  ( 2 1 )  t o  

o b t a i n  bfl dH 

A exp( -EJM/kT) 1 ( 22) 

where t h e  n o t a t i o n  [ 1 is used t o  s i g n i f y  t h e  a b s o l u t e  p a r t i c l e  d e n s i t y  

determined by t h e  quantum mechanical method. S u b s t i t u t i n g  t h e  a p p r o p r i a t e  

va lues  of I and J, g = 2.00, g 

abs 

= 1.74, and [4l(JM) lbxlJ’M’) l 2  exp(-EJM/kT)) 
e f f  

= 1.34, t h e  n i t rogen  atom d e n s i t y  [N] is  abs 
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[xf;  dH sf' dH 
= 1.29 x [021 1, ["abs 

0 2  

The hydrogen atom density is 

= 4.29 x [021 (24) J& dH ' 
["abs 

2 

The oxygen atom density is calculated by combining equations (17) 

and (18) P 

For the molecular oxygen transition specified above, and with g = 1.5 for 

atomic oxygen r 

JG dH 
s$ dH 

= 9.81 x [o,] ['labs 
2 

The computation formula for [O'] equation (25), differs from that abs' 
reported by Krongelb and Strandberg (Ref. 4, equation ( 10) ) . 
of the errors in the latter, which have been discussed in detail above, 

result in a computed value of [O') smaller by a factor of 3 for the abs 
molecular oxygen transition specified in this paper. 

Correction 

In the above equations it is assumed that the first-moments, J)(" dH, 
of the relevant resonance lines are measured under identical operating 

conditions of the ESR spectrometer. In practice it is usually necessary 

to normalize for the gain G and the magnetic field amplitude for modulation 
M of the spectrometer; other variables such as microwave attenuation and 

cryostat isolation are held fixed. The normalized first-moment S is 

calculated as follows: 
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In this study the value of M is the magnitude (volts) of the 100 kc signal 
applied to the field modulation coils and measured by a peak-peak voltmeter. 

The value of the normalized first-moment is independent of the value of M.’ 

First-Moment Definition 

xf’(x)dx = limit gw xf’(x)h 
i 

-W A x 4  

For evaluation of the first-moment of the derivative absorption we 

use the following definition 

xf ’( x)dx = first moment of the derivative f’( x) 
-43 

Let us integrate this by parts: 

Now if f(x) is of order 1/x2, the first quantity on the right-hand side 

of equation (C8) is zero. That is to say, if f(x) is at least Lorestzian 

in shape, i.e., of order 1/x2, then the integrated quantity xf(x) I , 
disappears leaving 

-W 

Thus for our absorption spectra we may utilize this relationship for 

evaluation of 1 x”dH. In short, numerical integration is easily 

accomplished by recalling the following definition: 

and thus we may approximate the right-hand side of equation (30) with a 

high degree of accuracy depending upon how small Ax is chosen. 
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